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American Foulbrood is the most destructive bacterial infection of the honeybee (Apis 
mellifera) and is caused by the Gram-positive, spore forming bacterium Paenibacillus larvae.  
Current treatment methods rely on antibiotics, but antibiotics treatments are experiencing a 
reduction in efficacy due to the recent rise in antibiotic resistant strains of P. larvae.  This has 
been a major catalyst for exploration of alternative treatment methods. 
Phage therapy is an alternative treatment method that uses viruses that exclusively infect 
bacteria, known as bacteriophages (phages), to combat bacterial infections. Several experimental 
studies have shown that phages P. larvae phages are effective at lysing P. larvae and to thus 
serve as treatment agents. In addition to experimental studies, it is important to characterize the 
genomes of P. larvae phages to gain insight into their biology so as to guide future therapy.  
The first P. larvae phage genome was sequenced in 2013 and the number of sequenced P. 
larvae phage genomes stands at 49 as of 2021; 13 of these were isolated at UNLV in 2013-2014. 
P. larvae phages have been isolated in Portugal, Germany, Spain, and ten states in the United 
States, from sources such as honeybee hive interiors, soil samples underneath healthy honeybee 
hives, P. larvae lysogens, and commercial beeswax products. We classified sequenced P. larvae 
phage genomes into four clusters and two singletons based on average nucleotide identity. There 
exists a large disparity in the size of these clusters with one cluster having 30 members, while the 
other three clusters have eight, seven, and two members. Genome size correlates with DNA-
packaging strategy; the 41 phages using the cohesive ends (cos) packaging strategy have 
genomes in the 35-46 kbp range and the eight direct terminal repeat phages (DTR) have genomes 
in the 50-56 kbp range. One cluster is comprised of all DTR phages, while the cos phages are 
split among the remaining three clusters and two singletons.  
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The structural and assembly proteins located at the front of the genome tend to be 
conserved among clusters, but regulatory and replication proteins located in the middle and rear 
of the genome are not conserved even within the same cluster. Identification of an integrase, 
excisionase, or Cro/CI in all sequenced P. larvae phage genomes indicates that all sequenced P. 
larvae phages are temperate. All phages lyse P. larvae through cleavage of the peptidoglycan 
cell wall by means of a conserved N-acetylmuramoyl-L-alanine amidase. The P. larvae phage 
amidases were classified into two clusters based on amino acid sequence identity, which 
correlates with DNA-packaging strategy.  
A first of its kind investigation into the presence of CRISPR spacer sequences in 
sequenced P. larvae and P. larvae phage genomes revealed 384 unique spacers in P. larvae 
strains. The distribution of CRISPR spacer sequences is uneven in  the P. larvae strains, with one 
strain having over 150 spacers and three strains having fewer than 20. Of the 384 unique spacers, 
18 are found as protospacers in the genomes of 49 currently sequenced P. larvae phages. One P. 
larvae strain does not have any protospacers found in phages, while another has eight. 
Protospacer distribution in the phages is uneven, with two phages having up to four protospacers, 
while a third of phages have none.  
The differential lysing ability of P. larvae phages is likely a confluence of amino acid 
substitutions within the N-acetylmuramoyl-L-alanine amidase, differences in non-conserved 
regions of the genome, and the presence of CRISPR spacer sequences in P. larvae genomes. 
Understanding the genomic landscape of P. larvae phages will offer insights for future phage 
therapy studies by elucidating the mechanisms responsible for the differential lysing ability of P. 
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Honeybees and American Foulbrood 
Approximately 35% of the global pollination is carried out by animal pollinators, with the 
honeybee (Apis mellifera) being the most widespread and economically important animal 
pollinator (Klein et al., 2007). The economic impact of the honeybee is estimated to be at nine 
billion dollars per year in the United States alone from the pollination of crops such as almonds, 
apples, and cherries to name a few (Delaplane and Mayer, 2000). Given this level of economic 
importance, the decline in the honeybee population that has been observed over the past few 
decades (Allsopp et al., 2008; Ghazoul, 2005; Steffan-Dewenter et al., 2005) has caught the 
attention of the scientific community, the agriculture industry, and the general public. Many 
factors for this decline have been studied, including various pathogens, parasites, and improper 
pesticide use (Genersch, 2010a; Shimanuki and Knox, 2000).  It is unlikely that just one of these 
factors explains the decline in the honeybee population, but rather a confluence of these factors, 
making it important to understand causes, preventative measures, and treatments of each of these 
factors individually. 
American foulbrood (AFB) is the most destructive bacterial disease afflicting the 
honeybee and a contributor to the decline of the honeybee population (Genersch, 2010b). Its 
causative agent is the gram-positive, spore forming bacterium Paenibacillus larvae (Genersch, 
2010b). AFB only affects the honeybee larvae, with larvae under 36 hours post-hatching being 
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the most susceptible to infection (Brodsgaard et al., 1998; Genersch et al., 2005). An AFB 
infection occurs when P. larvae spores enter the larval midgut following ingestion of 
contaminated food and germinate into the vegetative state of the bacterium (Genersch, 2010b). 
As few as 10 spores are sufficient to cause a lethal infection (Genersch, 2010b). Bacterial 
proliferation continues for several days and eventually ruptures the larval midgut, resulting in 
larval death (Yue et al., 2008). Post mortem, the larvae begins to decompose into a brown 
viscous substance that eventually desiccates into a scale-like structure containing millions of 
durable, infectious spores that remain viable for decades (Genersch, 2010b). When worker bees 
remove the deceased larvae, they inadvertently spread the spores throughout the hive, triggering 
a widespread infection that can result in total collapse of the hive in a matter of days (Genersch, 
2010b). Transmission to neighboring hives can then occur through wind dispersion or through 
contaminated tools (Genersch, 2010b; Hasemann, 1961). 
There are currently five genotypes (ERIC I – ERIC V) of P. larvae that have been 
identified based on enterobacterial repetitive intergenic consensus (ERIC) primers (Beims et al., 
2020; Genersch et al., 2006). While the infection and transmission methods are the same, the 
most notable phenotypic difference between P. larvae genotypes is virulence (Genersch, 2005; 
Rauch et al., 2009). The ERIC I and ERIC II genotypes are the most frequently isolated from 
infected hives and honey samples (66.7% and 29.6% respectively) and are thus the most 
commercially relevant (Beims et al., 2020).They are associated with slower killing times of the 
larvae (12 days and 7 days respectively) (Beims et al., 2020; Genersch, 2007) compared to other 
genotypes. ERIC III – ERIC V are more lethal than ERIC I and ERIC II, killing the larvae in 
three days (Beims et al., 2020); however, ERIC III and ERIC IV have not been isolated in the 
field in decades (Ebeling et al., 2016) and ERIC V was first isolated in early 2020 (Beims et al., 
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2020). The disparity that exists in the prevalence of field isolates between the five genotypes is 
inversely related to time it takes for each to kill the larvae, suggesting genotypes with slower 
larval kill times are more prevalent and lethal in the long term (Rauch et al., 2009). It has been 
suggested that worker bees are more likely to identify and remove the infected larvae from the 
hive in the case of infection by the more lethal genotypes, instead of capping the larval cell and 
letting the infection progress to spore proliferation (Rauch et al., 2009). 
Currently no treatments exist for dealing with the infectious P. larvae spores, but the 
vegetative stage of P. larvae is typically treated prophylactically with antibiotics such as tylosin, 
lincomycin, and oxytetracycline (Miyagi et al., 2000; Murray and Aronstein, 2006; Tian et al., 
2012). However, antibiotics are becoming an unreliable treatment method due to the 
development of antibiotic resistance in P. larvae (Evans, 2003; Miyagi et al., 2000). Antibiotic 
resistance genes have been identified in the P. larvae genomes, and antibiotic resistance is also 
widespread in the field (Murray and Aronstein, 2006; Tian et al., 2012). Additionally, the 
antibiotic residues left behind after antibiotic treatments are known to cause birth defects in 
infants (Lee et al., 2016; Meeraus et al., 2015; Mitrano et al., 2009), leading to some countries 
prohibiting antibiotics as a treatment method for AFB. If antibiotics are not an option, total 
incineration of the hive is the only mitigation measure, and in many jurisdictions is required by 
law. With antibiotic resistance now widespread in P. larvae strains, current antibiotic treatments 
will continue to decrease in efficacy over time creating a need for alternative treatment methods.  
 
Phage Therapy 
One alternative treatment that is gaining interest is phage therapy, the therapeutic use of 
bacteriophages (phages) to combat bacterial infections. Phages were independently discovered in 
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1915-1917 by James Twort and Felix D'Hérelle (d’Herelle, 1917; Twort, 1915) and the 
therapeutic potential of these new biological entities was immediately recognized, but early 
results were inconsistent (Kakasis and Panitsa, 2019). The use of phages as treatment predates 
antibiotics by 20 years, but was mainly abandoned by most of the world with the advent of 
antibiotics in the 1940s; however, Poland, Russia, and Georgia maintained research in phage 
therapy which continues to this day (Kutateladze and Adamia, 2010; Sulakvelidze et al., 2001). 
In recent years interest in phage therapy in the West has been rekindled due to the rise of 
antibiotic resistant bacteria. For several years, companies have produced phage-based products to 
control contamination from various bacteria strains in meat and raw fish (Fernández et al., 2018). 
Pseudomonas aeruginosa ear infections have been treated with phage therapy showing 
significant efficacy and safety (Wright et al., 2009). Two recent cases in particular received a lot 
of publicity in the West:   A successful phage therapy treatment of a 15 year old cystic fibrosis 
patient suffering from a multi-drug resistant strain of Mycobacterium abscessus (Dedrick et al., 
2019) and a successful treatment of an Acinetobacter baumanii infection in a 68 year old patient 
(Schooley et al., 2017).  
The allure of phage therapy stems from the advantages it confers over traditional 
antibiotic treatments. Phages act quickly and usually have few side effects. Phages have a narrow 
host range, leaving other beneficial bacteria unaffected, unlike antibiotics (Pelfrene et al., 2016). 
Unlike antibiotics, whose efficacy decreases with continued use, phages continually evolve 
alongside their hosts to maintain the ability to infect, propagate, and subsequently lyse their 
hosts. Furthermore, producing more phages can be done cost effectively in the laboratory 
through propagation on agar plates with P. larvae bacteria. Despite having these benefits over 
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traditional antibiotic treatment, there are challenges that need to be overcome in order to develop 
effective treatments with phages. 
While phages’ typically narrow host range is an advantage of phage therapy, it also 
presents a challenge since a phage may lack the ability to lyse certain strains of their host. This 
necessitates the creation of large phage libraries for successful therapy. Additionally, host range 
experiments are required to evaluate each phage’s ability to lyse the various host strains. As 
more strains of bacteria and phages are discovered, the importance of characterization of both the 
bacteria and phages is paramount to ensure the creation of phage cocktails with a broad host 
range. Phages lyse their hosts through the lytic process, which consists of viral replication, 
construction of viral progeny, and releasing the viral progeny into the environment through cell 
lysis. In addition to the lytic process, some phages exhibit the ability to enter lysogeny by 
integrating their genome into the host genome, where they remain dormant until their excision 
from the genome is triggered and they subsequently enter the lytic cycle. Phages have one of two 
lifestyles: virulent and temperate. Virulent phages are obligatory to the lytic cycle; temperate 
phages can enter lysogeny where they replicate passively through host cell division; they may be 
excised from the host genome, generally under host associated stress responses, triggering the 
lytic cycle. This creates issues for using temperate phages as therapeutics; the dormancy period 
creates an indeterminate delay in the destruction of the host cell; also, they may carry genes that 
are beneficial to the host but dangerous for therapeutic purposes, such as toxins or antibiotic 
resistance genes. Furthermore, many phage genes are of unknown function, with many having no 
homologs in protein databases, leaving unforeseen risks in phage therapy (Hatfull and Hendrix, 
2011). Virulent phages are thus strongly preferred for phage therapy; if no such candidates exist, 
editing the genome of temperate phages to remove genes related to integration into the host is 
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recommended. An example of editing a phage genome to convert a temperate phage into a 
virulent one can be observed from the study of the 15 year old cystic fibrosis patient where only 
temperate phages were found with the ability to lyse the strain of M. abscessus in the patient. A 
repressor gene was identified and edited out of the genome, which converted the phages from 
temperate to virulent (Dedrick et al., 2019). Additionally, bacteria have an adaptive immune 
system in the form of clustered regularly interspaced short palindromic repeats (CRISPR) that 
protects bacteria from phage infections. CRISPR provides a mechanism by which bacteria 
integrate short segments of phage DNA into their genome to act as recognition sequences (Heler 
et al., 2014; Marraffini, 2015; Mojica and Rodriguez-Valera, 2016); nucleases then use these to 
recognize and cleave invading phage DNA (Garneau et al., 2010; Hale et al., 2009; Marraffini 
and Sontheimer, 2008). CRISPR can thus pose a significant challenge to phage therapy. 
Identifying CRISPR spacer sequences in bacterial genomes and subsequently in phages is thus 
important for phage therapy. 
 
Phage therapy and amidase studies of P. larvae phages 
As of this writing, three studies on the efficacy of P. larvae phages as therapeutic agents 
in vitro have been published. Yost et al. conducted a host range lysis experiment of 32 isolated 
P. larvae phages and constructed a seven phage cocktail and a 13 phage cocktail based on the 
broadest host range to assess phages as a prophylactic treatment and a post-infection treatment; 
both cocktails showed an increase in survival in the prophylactic treatment and post-infection 
treatment (Yost et al., 2016); the 13 phage cocktail was more effective, suggesting that phage 
cocktails containing more distinct phages are more effective. Additionally, they performed an 
experimental treatment on an infected hive using a phage cocktail; the cocktail cleared the AFB 
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infection, and the hive remained clear after four months, with beekeeper intervention to remove 
infected frames. While this cannot be attributed to the cocktail itself, it provides promising 
results for phage cocktails in conjunction with appropriate beekeeping interventions. Ghorbani-
Nezami et al. showed that phage prophylactic treatments increased larvae survival rate to levels 
consistent with uninfected larvae. Additionally, phage effectiveness was tested post-infection of 
honeybee larvae with P. larvae spores; survival ranged from 45% with spores alone (positive 
control) to 70% with spores and phage treatment, and 85% in uninfected larvae (negative 
control)(Ghorbani-Nezami et al., 2015). Beims et al. performed lysing experiments with the 
temperate phage HB10c2 across various P. larvae strains encompassing ERIC I through ERIC 
IV genotypes. While the phage demonstrated reliable in vitro lytic abilities, the in vivo 
experiments on larvae showed little to no survival increase for the larvae, underscoring the 
variable efficacy of temperate phages as phage therapy agents (Beims et al., 2015). Combined, 
these studies show that P. larvae phages have potential as treatment agents for AFB, while 
demonstrating the variable effectiveness of phages and stressing the need for multi-phage 
cocktail treatments as well as further studies. 
P. larvae phages lyse their host using an N-acetylmuramoyl-L-alanine amidase endolysin 
to cleave the amide bond in the peptidoglycan of the host’s cell wall (LeBlanc et al., 2015; 
Oliveira et al., 2015; Santos et al., 2019). A study of the amidase of the phage phiIBB_Pl23 
revealed that the protein consists of two domains, the N-terminal catalytic domain and a C-
terminal cell binding domain (CBD)(Santos et al., 2019); the CBD was shown to be essential for 
host lysis (Santos et al., 2019). Using endolysins instead of the phages themselves would bypass 
mechanisms that P. larvae possess to evade phage infections, such as CRISPR or mutations in 
their surface receptors. Evading the endolysin would require mutations in genes responsible for 
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the peptidoglycan structure in the cell wall, which is considerably more challenging for the host 
(Tsourkas, 2020). Several studies have examined the efficacy of P. larvae phage endolysins. 
LeBlanc et al. used the endolysin from the phage Xenia to rescue honeybee larvae from a P. 
larvae infection. The study showed a survival rate of 75% for the infected group treated with the 
endolysin, compared to a survival rate of 23% for the infected control group (LeBlanc et al., 
2015). Oliveira et al. performed studies using an endolysin isolated from the phage phiIBB_Pl23 
on the vegetative state of the most prevalent strains (ERIC I and II) of P. larvae. The studies 
showed the lysin is effective at lysing P. larvae without causing a decrease in the growth and 
weight of treated honeybee larvae (Oliveira et al., 2015). Santos et al. showed that P. larvae 
phage endolysins are highly specific to P. larvae, showing no effect on honeybee gut bacteria. A 
stronger binding to the ERIC I and II genotypes was shown, suggesting that ERIC III and IV 
have slightly different composition of their peptidoglycan cell wall (Santos et al., 2019). This 
shows that the variability in the phages’ ability to lyse P. larvae genotypes may be due to 
differences in the endolysin gene and the host peptidoglycan cell wall. While treatments using 
the amidase alone shows great promise, they would benefit greatly from further characterization 
and analysis of the diversity of P. larvae phage endolysins. 
While in vitro experiments generate data illustrating the potential effectiveness of phages 
and their amidases, the ultimate goal is to effectively treat AFB infections in the field. Brady et 
al. conducted a host range analysis of 39 phages against 59 field isolate strains of P. larvae, 
resulting in the creation of a three phage cocktail whose aggregate lysing potential covered all 59 
P. larvae strains. A natural AFB infection occurred in an apiary containing 11 honeybee hives; in 
the ten uninfected hives, five hives were prophylactically treated with the phage cocktail and the 
other five were given a mock treatment and were allowed to become infected for the purpose of 
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potential rescue studies; four out of five mock treated hives became infected, with one infection 
progressing to an untreatable stage. With the exception of the untreatable hive, all the 
prophylactically treated hives remained infection free and all infected hives were rescued from 
infection and returned to a normal healthy state (Brady et al., 2018). This study shows the 
immense therapeutic potential of P. larvae phages for AFB treatment. 
While these studies show the promise of P. larvae phages and amidases as alternative 
treatment methods, there still exists a need for further research on P. larvae phages before their 
widespread use as a staple treatment for AFB. In vitro testing of the lysing capabilities of P. 
larvae phages against P. larvae strains may generate candidates for use in phage cocktails, but 
fails to generate mechanistic insight on the ability of a P. larvae phage to lyse one strain of P. 
larvae versus another. Additionally, there is a need for insight into the genomics of the phages, 
as they may harbor risks for phage therapy, since roughly 50% of P. larvae phage proteins are of 
unknown function with no homologs in protein databases (Tsourkas, 2020). In a 2018 study, 
Philipson et al. presented a workflow for evaluating phages for their safe and effective use in 
therapy, starting from the isolation of the phages from environmental samples to identifying 
candidates suitable for phage therapy (Philipson et al., 2018). This workflow relies heavily on 
genomic analysis of phage genomes. There is thus a pressing need to investigate the genomic 
landscape of P. larvae phages; at a minimum, genomic studies may offer insight into the safe use 
of P. larvae phages. 
 
P. larvae phage genome annotation 
The first P. larvae phages were isolated in the 1950s (Gochnauer, 1955; Smirnova, 
1953), but interest in them was scant, since AFB was routinely treated with antibiotics at that 
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time (Tsourkas 2020). Interest in P. larvae phages has grown significantly in the 21st century, 
given the rise of antibiotic-resistant P. larvae strains. The first sequenced P. larvae phage 





Figure 1: A workflow of the entire process of producing a genome from phage DNA isolation to 





phages stands at 49 as of 2020 (Ribeiro et al., 2019; Tsourkas 2020). Given this rapid growth in 
the number of sequenced P. larvae phage genomes, there is need to organize and compare the 
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genomes, identify protein functions, perform in-depth analyses of key genes, and identify 
potential obstacles to phage therapy. Consistency and completeness in this process is required if 
we are to generate useful databases of phages genomes for phage therapy. 
The process of going from an isolated phage to a complete genome consists of the 
following steps: 1) Phage isolation and DNA amplification, 2) DNA sequencing and quality 
check, 3) genome assembly, 4) genome orientation (Figure 1). P. larvae phages have been 
isolated from a variety of sources including: soil near beehives, propolis, cosmetics containing 
beeswax or royal jelly, infected larvae, and phages induced from P. larvae lysogens (Tsourkas, 
2020). After isolation, phages are amplified in P. larvae plated on agar, and phage isolation kits 
are used to obtain the phage DNA needed for sequencing. Genome sequencing is typically 
performed with Illumina HiSeq technology, which generates paired end reads several hundred 
bases long. After quality control, genomes are assembled using genome assembly software (e.g.  
Geneious, Newbler, etc.) where reads are overlapped to other reads sharing nucleotide sequence 
identity, forming a long continuous stretch of sequenced DNA known as a contig (Figure 2). If a 
sufficient quantity of high-quality DNA is available, the contig will span the entire phage 
genome. A measure of the confidence in the genome assembly is the average coverage depth, 
defined as N*L/G (where N is the number of reads, L is the average read length, and G is the 
genome length). An average coverage depth of 100 or above is considered satisfactory, and 400 
or above considered ideal (Philipson et al., 2018). In areas of low coverage depth, most 
commonly at genome ends, PCR can be used to amplify that region to increase local coverage 







Figure 2:  The assembly of a phage genome using overlapping reads to form a consensus genomic sequence.  
a) The coverage depth across the entire consensus sequence.  b)  An in-depth look at overlapping reads 
showing a lack of coverage depth at the genome ends. 
 
 
The next step following assembly is identifying the start of the genome. Phage genomes 
are either linear or circularly permuted; all sequenced P. larvae phages have linear genomes. The 
terminal ends of phage genomes have features determined by the type of DNA packaging 
strategy the phage uses (Merrill et al., 2016). DNA packaging is the process of packaging a 
phage genome into a newly synthesized capsid; this requires the excision of a complete phage 
genome from the concatemer of many phage genomes formed during viral replication. Among  
tailed phages, the most common DNA packaging strategies are “cohesive ends”, “direct terminal 
repeats”, or “headful” (Figure 3). The key protein involved in the DNA packaging process is the 




Figure 3: The three most common phage packaging strategies. a) Cohesive ends packaging strategy employs 
restriction enzyme style cuts by the large terminase indicated by the Cos site.  The start of the genome is 
identified to be the first base pair after the Cos site. b) Direct Terminal repeats uses an identical repetitious 
sequence at the ends of the genome as a recognition sequence and the large terminase performs a blunt cut.  
The start of the genome is identified as the first base pair of the direct terminal repeat. c)  Headful packaging 
strategy has a non-repetitious sequence at the end of the genome and the large terminase performs a blunt 





recognition domain, and the large terminase, which serves as a nuclease. During phage assembly 
in the host, the small terminase docks with the portal protein on each empty capsid; the large 
terminase then cuts the phage genome in a specific manner from the multi-genome concatemer. 
As shown in Figure 3, the various DNA packaging strategies vary by the nature of the cut, which 
is determined by the large terminase protein. It is therefore possible to determine the DNA 
packaging strategy by comparing the amino acid sequence of a phage’s large terminase to large 
terminases from phages with known DNA packaging strategy. Once the DNA packaging strategy 
is determined, hallmark characteristics of the genome termini can be used to identify the start of 
the genome. Genome ends can also be determined with the software PhageTerm (Philipson et al., 
2018). If identifying the genome ends proves difficult or the genome is circularly permuted, it 
has been suggested to use the small terminase gene as the genome start (Philipson et al., 2018) 
Genome orientation is followed by genome annotation (Figure 1). Genome annotation is 
a three-step process:  Identification of genes, identification of start codons, and putative gene 
function assignment. Genome annotation is critically important for phage therapy; if phage genes 
and their function are incorrectly annotated, therapy may be ineffective or even harmful 
(Philipson et al., 2018). Gene identification is assisted with the use of gene identification 
programs such as Glimmer (Delcher et al., 1999), the GeneMark family of programs (Besemer et 
al., 2001; Besemer and Borodovsky, 1999; Borodovsky and McIninch, 1993; Lomsadze et al., 
2018; Lukashin and Borodovsky, 1998), RAST (McNair et al., 2018), Prodigal (Hyatt et al., 
2010), and PHANOTATE (McNair et al., 2019). While very fast and easy to use, these programs 
are designed for bacterial genomes (PHANOTATE is designed for phage genomes) and are 
roughly 80-90% accurate when applied to phage genomes, requiring manual curation of the 
genome (Salisbury and Tsourkas, 2019). Manual curation addresses issues encountered with 
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auto-annotation, such as: non-coding regions identified as coding regions (false positives), 
undetected genes (false negatives), and conflicting gene identification discrepancies between the 
gene calling programs. False negatives are highly undesirable, since these genes could 
potentially be important, while false positives are also undesirable as they introduce inaccuracies 
in the scientific record that may propagate. Since phage genomes are known to contain a high 
coding percentage (90-95%), coding gaps between identified genes are thoroughly searched for 
potential genes missed by the auto-annotation programs.  
To improve consistency and standardization of the manual curation process, the Tsourkas 
lab developed an annotation pipeline that evaluates each gene based upon the number of auto-
annotation programs calling the gene, hidden Markov model coding potential, existence of 
homologs using BLAST, and overlaps with another gene (Salisbury and Tsourkas, 2019). 
Coding potential is the posterior decoding of the hidden Markov model used by the GeneMark 
family of gene identification programs. This method represents the strongest evidence for gene 
prediction (Pope et al., 2017) with emphasis on delineating false positives. BLAST is used to 
check for homologous genes identified in related phage or bacteria by other researchers; the 
existence of a large number of statistically significant homologs is indicative that a gene is likely 
real, particularly so if the matches have putative function. Phage genes rarely overlap by more 
than 30 bp (Pope et al., 2017) with other genes; thus, genes that significantly overlap are 
carefully scrutinized as potential false positives. However, overlaps of 1, 4, and 8 bp indicate the 
gene is likely part of an operon, which are common in phage genomes, and therefore evidence in 
favor of a gene (Salgado et al., 2000). Start codons are assigned using a similar pipeline and a 
process of elimination based upon their scores of six criteria (in order of importance): coverage 
of the open reading frame (ORF) to include all coding potential;  whether the overlap with a gene 
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forms an operon; the number of auto-annotation programs selecting the start codon; agreement 
with the start codon of a highly similar protein; Shine-Dalgarno score; the length of the ORF 
(Salisbury and Tsourkas, 2019). The need for accuracy is paramount in start codon identification 
since incorrectly identifying the correct start codon will not only propagate these inaccuracies 
through protein databases, but future genome editing events may result in the removal of too 
many or not enough nucleotides at a gene locus. This is most pertinent to the conversion of 
temperate phages to virulent phages where genes associated with lysogeny need to be fully 
removed while leaving neighboring genes unaffected. This would also apply to genes that confer 
an increase in fitness to the host, such as antibiotic resistance or toxin related genes. Putative 
protein function is assigned the use of several homology identification tools: BLAST (Altschul et 
al., 1990) CD-Search (Marchler-Bauer et al., 2009), HHPred (Zimmermann et al., 2018), and 
HMMer (Finn et al., 2011). These tools use different algorithms and produce different results 
and their results integrated by consensus; it is important to use multiple independent tools to 
ensure that no critical functions are missed, but also to avoid spurious function assignments. 
When genes have been identified and putative functions assigned, the next step is comparative 
genomic analysis to group phages into clusters and identify conserved genes. An important 
consideration in genome annotation is that it is somewhat subjective as annotations may differ 
slightly based on the annotator.  
 
Comparative genomics 
The exponential growth observed in the number of sequenced P. larvae phage genomes 
over the last decade underscores the necessity to establish the relationship between these phages 
and construct phylogenies. The use of comparative genomic tools is essential since construction 
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of whole-genome phage phylogeny is nebulous at best due to frequent horizontal gene transfer 
events between the phages themselves, as well as between phages and their hosts. Several 
comparative genomic tools exist to evaluate the similarity of phage genomes both at the whole-
genome level and in the identification of conserved genes. Dotplots are pairwise graphs where a 
dot is placed at locations where a nucleotide is identical between the two genomes (Krumsiek et 
al., 2007). This identifies contiguous genome regions where the sequences are identical, allowing 
for easy visualization of conserved regions between the two genomes. Phages can then be 
clustered based upon a threshold value of the percentage of contiguous regions between them. 
Alignments of phage genomes with tools such as ClustalW are used to calculate the average 
nucleotide identity (ANI) between the two genomes; phages are then clustered according to 
threshold ANI values. Shared gene content analysis is performed by pairwise alignment between 
all phage genes contained in a database and places them in groups (phams) based upon their 
similarity using BLAST and ClustalW threshold values; pham analysis can be used for the 
discovery of conserved and unique genes across phage genomes (Cresawn et al., 2011). Once 
genes are grouped into phams, pairwise genome maps where genes are colored by their pham can 
be used to visually identify regions that contain conserved genes. Genes of particular interest 
(e.g. terminase, endolysin) can then be investigated in greater detail. Using the shared gene 
content generated from Phamerator, unrooted phylogenetic trees can be constructed and 
visualized using programs such as SplitsTree (Huson and Bryant, 2006). Unrooted trees are the 
only appropriate means of constructing phage phylogeny since typical rooted phylogenetic trees 
stem from a common ancestor; their use in bacteria and phage phylogenetics is inappropriate due 
to horizontal gene transfer events. The branch lengths generated with SplitsTree can offer 
information on how to assign phages into clusters. Shorter relative branch lengths between 
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phages are assigned the same cluster and longer relative branch lengths represents a different 
cluster. Each of these tools offer an independent assessment of how to cluster phages; agreement 
between these methods offers stronger evidence for the assignment of phages to a cluster. 
 
Summary 
The presence of antibiotic resistant strains of P. larvae makes treatment of AFB an 
increasing challenge, but phage therapy provides a hopeful outlook for the treatment of AFB in 
the future. While most of the in vitro studies using P. larvae phages have shown great promise in 
the development of phage therapy, the in vivo studies have shown variable success. This 
variability may be due to the fact that only temperate P. larvae have been isolated and used for 
phage therapy. This necessitates the identification of the genes and mechanisms associated with 
lysogeny so that virulent phages can be created through genome editing. It is also critically 
important to uncover the function of as many P. larvae phage genes as possible so as to establish 
the safety of P. larvae phages in therapy applications. Given the growing interest in P. larvae 
phages and the rapidly increasing number of sequenced P. larvae phage genomes, it is also 
important to design an effective and scalable taxonomy system for them. In addition, it is 
important to present a standardized framework for genome annotation, so as to reduce 
inconsistencies and unwanted variability in annotations of yet undiscovered phages. The 
annotation and comparative genomics pipelines presented in this dissertation specifically offer a 
systematic framework that reduces the subjectivity associated with phage genome annotation and 
phage taxonomy. Future studies of P. larvae phages will benefit from having a framework for 
standardized, high-quality genome annotation and taxonomy.  
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Chapter 2 of this dissertation describes the published P. larvae phage genomes that were 
isolated by the group of Dr. Penny Amy at University of Nevada, Las Vegas (UNLV) and the 
groups of our collaborators Dr. Sandra Hope and Dr. Julianne Grose at Brigham Young 
University (BYU). The genomes were annotated by a large team of students from UNLV. The 
information presented includes the isolation sources and techniques, sequencing, assembly, and 
annotation, and general genome properties. Chapter 3 is a comparative genomic study performed 
on nine P. larvae phages isolated at UNLV and an additional eight P. larvae phages isolated by 
other researchers. Chapter 4 is a large scale genomic analysis of 48 sequenced phages that 
represented the totality of sequenced P. larvae phages as of 2018. Both chapter 3 and 4 cover the 
usage of bioinformatic tools to assess the genomic landscape of P. larvae phages as outlined in 
this introduction. 
Chapter 5 is a first glimpse into the distribution of CRISPR spacer sequences in P. larvae 
and P. larvae phages (as protospacers). This study was motivated by the differential lysing 
potential of P. larvae phages exhibited by highly similar phages.  Discovering phages without 
protospacers would assist in the formation of cocktails with higher efficacy by ideally including 
those phages absent of protospacers entirely, and if that is not possible, using phages containing 
the fewest protospacers. Since spacers are acquired by bacteria from the phages themselves, 
construction of phage cocktails should contain the minimum number of phages whose aggregate 
lysing potential covers the most prevalent strains or the target strain. This would restrict the 
number of phages that P. larvae can acquire spacers from in phage cocktails. Ultimately, the goal 
of this project is the exploration and systematization of the genomic landscape of P. larvae 
phages to assist future phage therapy and comparative genomic studies, with the end goal of 





SEQUENCING AND ANNOTATIONS OF 35 P. LARVAE BACTERIOPHAGES 
 
FOREWORD 
This chapter is a compilation of three Genome Announcement papers that detail the 
sequencing and annotation of 35 total phages. The first Genome Announcement consists of nine 
phage genomes isolated by the laboratory of Dr. Penny Amy at UNLV. Aside from sequencing 
performed by Andrew Krohn at NAU, the process was exclusively done at UNLV by a 
collaboration of the labs of Dr. Penny Amy and Dr. Philippos Tsourkas. The other two Genome 
Announcements are collaborative efforts between the lab of Dr. Philippos Tsourkas and the labs 
of Drs. Julianne Grose and Sandra Hope at Brigham Young University (BYU). The majority of 
the P. larvae phage isolation was done by the Phage Hunters program at BYU. Sequencing of the 
P. larvae phage genomes was carried out at BYU. The assemblies and annotations of P. larvae 
phage genomes were carried out at UNLV. My contributions to this research were under the 
direction of Dr. Philippos Tsourkas and involved the annotation of several P. larvae phage 
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We present the complete genomes of nine phages that infect Paenibacillus larvae, the causative 
agent of American Foulbrood disease in honeybees. Phages were isolated from soil, propolis, and 
infected bees from three US states. This is the largest number of P. larvae phage genomes in a 
single publication to date. 
 
Introduction 
American foulbrood disease, caused by the bacterium Paenibacillus larvae, is the most 
destructive bacterial disease affecting the honeybee, Apis mellifera (de Graaf et al., 2012). 
Strains are rapidly becoming antibiotic-resistant (Martinez et al., 2009) and infected colonies 
must be burned in order to control its spread (Yue et al., 2008). Phages that infect and lyse P. 
larvae are a potentially promising treatment, but they have only recently begun to be 
characterized. There are currently seven complete P. larvae phage genomes in the literature 
(Carson et al., 2015; Oliveira et al., 2013). Here, we have isolated and sequenced nine P. larvae 
phages obtained from samples across the United States. 
 
Materials and Methods 
 Samples were collected from soil near beehives, propolis, cosmetics containing beeswax 
or royal jelly, infected larvae, and phages induced from lysogeny in P. larvae strains. 
Environmental samples came from Nevada, Maryland and Washington state. Phages were 
amplified using P. larvae NRRL 2605, an ERIC I genotype strain and plated on modified Brain 
Heart Infusion agar with soft agar overlays (Hurst and Reynolds, 2002). DNA was purified using 
either Qiagen DNeasy or Norgen Phage DNA Isolation kits. One ng DNA per sample was used 
23 
 
to produce random sequencing 49 libraries using the Nextera XT DNA Sample Preparation Kit 
that were sequenced on a MiSeq 50 Desktop Sequencer. 
 
Results 
 The distance between paired end reads was set to either 400 or 500 bp. Reads were 
assembled into contigs using Geneious v. 7.1 using Medium/Fast sensitivity, disallowing gaps. 
The assembly process for phages Fern, Harrison, Paisley, Willow and Xenia produced complete 
genomes. This was not the case for phages Diane, Hayley, Vadim, and Vegas, so for these 
phages PCR probes were designed to begin 600 bp downstream of the contig start and 300 bp 
upstream of the contig end. The PCR amplicons were then spliced into the contig to produce the 
complete genome. All nine phages are Siphoviridae with linear dsDNA genomes. The DNA 
packaging strategy was identified as “cohesive ends with 3’ overhangs” (Casjens and Gilcrease, 
2009). The overhangs are “CGACTGCCC” for phages Diane, Fern Hayley, Vadim, Vegas, 
Willow, and Xenia, or “CGACGGACC” for phages Harrison and Paisley. The genomes were 
rearranged by setting the first base of the genome to be the base immediately after the 3’ 
overhang.  
 Genomes were annotated using DNA Master. Criteria used to determine the validity of 
gene calls include auto-annotation calls by Glimmer, GeneMark, and GeneMark.hmm, coding 
potential maps produced by GeneMark.hmm using Paenibacillus polymyxa SC2 as the reference 
strain, gene length (with calls shorter than 150 bp, 120 bp and 90 bp treated with increasing 
skepticism), BLAST results with E-value < 0.001, Shine-Dalgarno score of >200 nats using the 
“Old DNA Master” scoring method, and whether the gene call significantly overlaps (>30 bp) 
with other gene calls. Preliminary analysis shows that phages Diane, Vadim, Vegas and Hayley 
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are very closely related to each other, as are phages Fern and Willow, and Harrison and Paisley. 
Assembly and annotation results are shown in Table 1. Future studies will provide a detailed 
comparative genomic analysis of these and other P. larvae phages. 
 
 
Table 1: Paenibacillus larvae phages, GenBank accession numbers and genome assembly results 






GC content No. of genes 
Diane KT361657 45,653 67 43.7 86 
Fern KT361649 37,995 502 41.9 68 
Harrison KT361651 44,247 291 40.2 84 
Hayley KT361655 44,256 43 43.5 84 
Paisley KT361653 44,172 58 40.0 84 
Vadim KT361656 45,653 94 43.7 86 
Vegas KT361654 45,653 128 43.7 86 
Willow KT361650 37,994 122 41.9 68 
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We present the complete genomes of eight phages that infect Paenibacillus larvae, the causative 
agent of American Foulbrood in honeybees. Phage PBL1c was originally isolated in 1984 from a 
P. larvae lysogen, while the remaining phages were isolated in 2014 from bee debris, 
honeycomb and lysogens from three US states.  
 
Introduction 
The gram-positive bacterium Paenibacillus larvae is the causative agent of American 
Foulbrood, currently the most destructive bacterial disease affecting the honeybee, Apis mellifera 
(de Graaf et al., 2012).  With the rise of antibiotic-resistant strains of P. larvae (Miyagi et al., 
2000), there is growing interest in phages that infect P. larvae. The first P. larvae phages were 
isolated in the 1950s (Gochnauer, 1955), and the first complete P. larvae genome was published 
in 2013 (Oliveira et al., 2013). There are currently 18 complete P. larvae phage genomes in the 
literature (Beims et al., 2015; Carson et al., 2015; Oliveira et al., 2013; Tsourkas et al., 2015). 
Here, we present eight complete P. larvae phage genomes obtained from samples across the 
United States. The phages’ GenBank accession number, isolation source, geographical 
provenance and assembly results are shown in Table 1.  
 
Materials and Methods 
Phage PBL1c was isolated from a lysogen in 1984 by Dingman et al. (Dingman et al., 
1984) but was not sequenced until 2018 at Brigham Young University (BYU). The remaining 
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seven phages were isolated over the period 2014-2016 from samples from the U.S. states of 
Utah, Idaho, and Wisconsin (Table 1) as part of the Phage Hunters course at BYU. 
 The phages were isolated from bee debris, honeycomb, and lysogens, and amplified in P. 
larvae field isolates. Phage genomic DNA was isolated from high titer lysates using Norgen 
phage DNA isolation kits (Norgen Biotek, Thorold, ON, Canada). Phage genomes were 
sequenced in the BYU DNA Sequencing Center using Illumina HiSeq 2500 (Illumina, Hayward, 
CA, USA) and were assembled using Geneious 8 software (Biomatters Inc., Newark, NJ, USA). 
 
Results 
All nine phages are Siphoviridae with linear dsDNA genomes. The DNA packaging 
strategy was identified as “cohesive ends with 3’ overhangs”, as explained in (Casjens and 
Gilcrease, 2009; Merrill et al., 2016). The overhangs were identified by sequence similarity with 
previously published phages (Beims et al., 2015; Carson et al., 2015; Gochnauer, 1955; Oliveira 
et al., 2013; Tsourkas et al., 2015). The overhangs are “CGACTGCCC” for phages BN12, 
Kiel007, Leyra, Likha, Pagassa, PBL1c and Tadhana, and “CGACGGACC” for phage Dragolir. 
The genomes were rearranged by setting the first base of the genome to be the base immediately 
after the 3’ overhang.  
 Genome length is in the 37 kb-42 kb range and G+C content in the 41-44% range, 
consistent with 3’ cohesive ends P. larvae phages (Stamereilers et al., 2016). Preliminary 
analysis shows that phages Pagassa and Tadhana are closely related to each other, with the other 
phages slightly more distant, and phage Dragolir an outlier. All eight phages encode a large 
terminase, a major tail protein, two tail assembly proteins, a tail tape measure protein, and an N-
acetylmuramoyl-L-alanine amidase among others. The tail assembly proteins appear to have a 
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programmed translational frameshift similar to the G and G-T genes of phage lambda (Xu et al., 
2004; Xu et al., 2013), located in the 3’ region of gp12 (the upstream tail assembly protein). We 
tentatively identify the heptanucleotide slippery sequence as “AAAAAAG” in phages BN12, 
Kiel007, Likha, Leyra, Pagassa, PBL1c and Tadhana, and possibly “AAAAAAC” in phage 
Dragolir. Future studies will investigate this and other features of P. larvae phage genomes, and 
also provide a detailed comparative genomic analysis of these and other P. larvae phages. 
 
 
Table 2: P. larvae phages, GenBank accession numbers and genome assembly results 







BN12 MG727695 Bee debris Cedar City, 
Utah, USA 
39485 42.6 
Dragolir MG727697 Bee debris Wisconsin, 
USA 
41131 44 
Kiel007 MG727696 Bee debris Salt Lake City, 
Utah, USA 
37985 41.8 
Leyra MG727701 Bee debris Idaho, USA 
 
42276 41.4 
Likha MG727702 Honeycomb American Fork, 
Utah, USA 
39778 41.3 





PBL1c MG727698 P. larvae 
lysogen 
Iowa City, IA 
 
40611 41.2 
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We present the complete genomes of 18 phages that infect Paenibacillus larvae, the causative 
agent of American Foulbrood in honeybees. The phages were isolated between 2014 and 2016 as 
part of an undergraduate phage discovery course at Brigham Young University. The phages were 
primarily isolated from bee debris and lysogens.  
 
Introduction 
Paenibacillus larvae is a gram-positive bacterium that is the causative agent of American 
Foulbrood, the most destructive bacterial disease affecting the honeybee, Apis mellifera (de 
Graaf et al., 2012).  As antibiotic-resistant strains are now widespread (Tian et al., 2012), there is 
growing interest in phages that infect P. larvae. There are currently 26 complete P. larvae phage 
genomes in the literature (Abraham et al., 2016; Beims et al., 2015; Carson et al., 2015; Oliveira 
et al., 2013; Tsourkas et al., 2015; Walker et al., 2018). Here, we present 18 complete P. larvae 
phage genomes isolated over the period 2014-2016 by students in the Phage Hunters course at 
Brigham Young University. The phages’ GenBank accession number, isolation source, 
geographical provenance, and assembly results are shown in Table 1.  
 
Materials and Methods 
 All phages were amplified using P. larvae ATCC 9545. Phage DNA was isolated from 
high titer lysates using Norgen DNA isolation kits (Norgen Biotek, Thorold, ON, Canada). 
Libraries were prepped with Illumina TruSeq Nano DNA HT Sample Preparation kits (Illumina, 
Hayward, CA, USA) and run on a single lane in parallel and barcoded. Genomes were sequenced 
in the BYU DNA Sequencing Center using Illumina HiSeq 2500 with 250 bp paired end reads 
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and assembled using Geneious 8 (Biomatters Inc., Auckland, NZ) with Medium-Low 
Sensitivity/Fast and checking for contig circularization. Only genomes that produced circularized 
contigs were considered complete and published. Genomes were manually annotated by students 




SEM micrographs show all 18 phages are Siphoviridae. All genomes are linear dsDNA. 
Phages Ash, C7Cdelta, and Ley use the Direct Terminal Repeats (DTR) DNA packaging 
strategy, while the other 15 phages use the “cohesive ends with 3’ overhangs” DNA packaging 
strategy (Casjens and Gilcrease, 2009; Merrill et al., 2016). The 3’ overhangs were identified by 
sequence similarity with previously published phages (Abraham et al., 2016; Beims et al., 2015; 
Carson et al., 2015; Oliveira et al., 2013; Tsourkas et al., 2015; Walker et al., 2018). The 
overhangs are “CGACTGCCC” for Arcticfreeze, Bloom, DevRi, Eltigre, Genki, Gryphonian, 
Honeybear, Jacopo, Kawika, Lucielle, Saudage and Toothless, and “CGACGGCCC” for 
LincolnB and Wanderer. The genome ends of Yerffej are still under investigation. For the DTR 
phages, the DTR sequence was visually identified using Pile-up Analysis Using Starts & Ends 
(PAUSE) (cpt.tamu.edu/computer-resources/pause) and Geneious, looking for a sharply 
delimited region with double coverage depth (Merrill et al., 2016).  
 Genome length is bimodal, with the cohesive ends phages having genomes in the 37-43 
kbp range and the DTR phages having genomes in the 55-56 kbp range, consistent with 
previously published P. larvae phages (Abraham et al., 2016; Beims et al., 2015; Carson et al., 
2015; Oliveira et al., 2013; Tsourkas et al., 2015; Walker et al., 2018). All phages encode a large 
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terminase, a portal protein, a major capsid protein, two tail assembly proteins, a tail tape measure 
protein, several tail proteins, and an N-acetylmuramoyl-L-alanine amidase. The tail assembly 
proteins appear to have a predicted translational frameshift similar to the G and G-T genes in 
lambda (Xu et al., 2004; Xu et al., 2013), located in the 3’ region of the upstream tail assembly 
protein (gp12 in the cohesive ends phages, gp14 in the DTR phages). We tentatively identify the 
heptanucleotide slippery sequence as “AAAAAAA” in Arcticfreeze, Bloom, DevRi, Eltigre, 
Genki, Gryphonian, Honeybear, Jacopo, Kawika, Lucielle, Saudage, Toothless, and Yerffej, 
“GGAAAAA” in LincolnB and Wanderer, and “TAAAAAA” in Ash, C7Cdelta, and Ley. 
 
Table 3: P. larvae phages, GenBank accession numbers and genome assembly results 













Arcticfreeze MH431932 Bee sanple Idaho 38,518 3’ cos 1388 
Ash MH454076 Prophage Provo, UT 56,468 DTR 54 
Bloom MH454077 Bee debris Spanish 
Bottom, UT 
38,519 3’ cos 101 
C7Cdelta MH431938 Bee 
sample 
Cedar City, UT 55,774 DTR 336 
DevRi MH431933 Bee debris Spanish Fork, 
UT 
38,520 3’ cos 1286 
Eltigre MH454078 Bee debris South Jordan, 
UT 
38,675 3’ cos 1390 
Honeybear MH431935 Feral bees Farmington, UT 40,054 3’ cos 77 
Genki MH454082 Bee debris Orem, UT 38,540 3’ cos 190 
Gryphonian MH431934 Bee debris Orem, UT 38,541 3’ cos 932 
Jacopo MH454079 Infected 
hive 
Portland, OR 38,526 3’ cos 396 
Kawika MH431936 Bee debris Provo, UT 40,768 3’ cos 126 
Ley MH454080 Prophage Provo, UT 56,465 DTR 760 
LincolnB MH454081 Bee debris Brigham City, 
UT 
40,437 3’ cos 300 
Lucielle MH431937 Dead bee Idaho 37,947 3’ cos 178 
Saudage MH454083 Bee debris Lehi, UT 37,962 3’ cos 211 
Toothless MH454084 Bee debris West Jordan, 
UT 
38,832 3’ cos 240 
Wanderer MH431930 Bee debris Wisconsin 40,448 3’ cos 1712 










This chapter is an in-depth genomic analysis of the nine P. larvae phages that were 
announced in the first Genome Announcement paper in chapter 2. Ms. Diane Yost and Ms. Lucy 
LeBlanc are responsible for the work involving phage isolation under the direction of Dr. Penny 
Amy. Dr. Philippos Tsourkas is responsible for extensive writing and editing of the manuscript. 
My contributions to the research of the following manuscript was conducted under the direction 
of Dr. Philippos Tsourkas and are limited to establishing the phamerator database, providing the 
basis for the writing pertaining to database construction, and the creation of Figure 2, Figure 4, 
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American Foulbrood Disease, caused by the bacterium Paenibacillus larvae, is one of the 
most destructive diseases of the honeybee, Apis mellifera. Our group recently published the 
sequences of nine new phages with the ability to infect and lyse P. larvae. Here, we characterize 
the genomes of these P. larvae phages, compare them to each other and to other sequenced P. 
larvae phages, and putatively identify protein function. The phage genomes are 38–45 kb in size 
and contain 68–86 genes, most of which appear to be unique to P. larvae phages. We classify P. 
larvae phages into two main clusters and one singleton based on nucleotide sequence identity. 
Three of the new phages show sequence similarity to other sequenced P. larvae phages, while 
the remaining six do not. We identified functions for roughly half of the P. larvae phage 
proteins, including structural, assembly, host lysis, DNA replication/metabolism, regulatory, and 
host-related functions. Structural and assembly proteins are highly conserved among our phages 
and are located at the start of the genome. DNA replication/metabolism, regulatory, and host-
related proteins are located in the middle and end of the genome, and are not conserved, with 
many of these genes found in some of our phages but not others. All nine phages code for a 
conserved N-acetylmuramoyl-L-alanine amidase. Comparative analysis showed the phages use 
the “cohesive ends with 3’ overhang” DNA packaging strategy. This work is the first in-depth 
study of P. larvae phage genomics and serves as a marker for future work in this area. 
 
Introduction 
Paenibacillus larvae is a Gram-positive, spore-forming bacterium that is the causative 
agent of American Foulbrood Disease (AFB), one of the leading causes of the global population 
decline of the honeybee (Apis mellifera) (Genersch, 2010b). As its name implies, P. larvae only 
36 
 
infect the larva of the honeybee, adult bees being immune (de Graaf et al., 2012). Infection 
typically occurs when food contaminated with P. larvae spores is fed to a honeybee larva by 
nurse bees (Genersch, 2010b). The spores germinate and proliferate in the larval mid-gut within 
hours of ingestion, resulting in the death of the larva (de Graaf et al., 2012). The dead larvae turn 
into a viscous, brownish liquid that then dries to form a hard scale (Genersch, 2010b). AFB 
scales contain millions of highly infectious spores that are then inadvertently spread throughout 
the hive by other bees as they remove dead larvae from the hive (de Graaf et al., 2012). P. larvae 
spores are extremely durable, lasting several decades, and are largely antibiotic resistant, making 
treatment of P. larvae outbreaks difficult (Genersch, 2010b). Currently the only method for 
eliminating P. larvae outbreaks is the wholesale incineration of infected hives (de Graaf et al., 
2012). 
Antibiotics such as oxytetracycline have been used extensively in the past to control 
AFB, however there now exist antibiotic-resistant P. larvae strains (Miyagi et al., 2000; Tian et 
al., 2012), and furthermore many countries ban the use of antibiotics on honeybees (de Graaf et 
al., 2012). As bees lack an adaptive immune system, one potential antibiotic-free AFB treatment 
is the use of bacteriophages that target P. larvae. Phages have several attractive features as a 
treatment strategy, such as not harming important symbiotic bacteria in the larval gut (Chan et 
al., 2013; Hagens and Loessner, 2007; Loc-Carrillo and Abedon, 2011; Matsuzaki et al., 2014). 
The first P. larvae phages were identified from the 1950s through the 1990s, but these were not 
sequenced as rapid and cost-effective genome sequencing was not available at the time (Bakhiet 
and Stahly, 1988; Benada et al., 1984; Campana et al., 1991; Dingman et al., 1984; Drobnikova 
and Ludvik, 1982; Gochnauer, 1955; Gochnauer, 1970; Stahly et al., 1999; Valerianov et al., 
1976). With the advent of next-generation sequencing and the rise in antibiotic resistant P. larvae 
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strains, there is growing interest in P. larvae phages as a potential treatment for AFB. In the last 
year alone five studies were published on treating AFB with P. larvae phages or P. larvae phage 
endolysins, with promising, if not conclusive, results (Beims et al., 2015; Ghorbani-Nezami et 
al., 2015; LeBlanc et al., 2015; Oliveira et al., 2015; Yost et al., 2016). 
Since 2013, several bacteriophages that infect P. larvae were purified, sequenced, and 
characterized (Beims et al., 2015; Carson et al., 2015; Oliveira et al., 2013; Tsourkas et al., 
2015). Phage phiIBB_Pl23, isolated in Portugal in 2013, was the first to be sequenced and 
characterized (Oliveira et al., 2013), followed in 2015 by phages Diva, Lily, Rani, Redbud, 
Shelly and Sitara, isolated in North Carolina (Carson et al., 2015), and phage HB10c2 in 
Germany (Beims et al., 2015). Our group recently sequenced and published the genomes of nine 
P. larvae phages (Tsourkas et al., 2015). 
In this work, we characterize the genomes of these nine new P. larvae phages and 
compare them to the genomes of other currently sequenced P. larvae phages. We putatively 
identify protein function and characterize the degree to which P. larvae phage proteins are 
conserved, with a focus on two phage proteins in particular: the large terminase and the N-
acetylmuramoyl-L-alanine amidase endolysin. 
 
Results 
Phage sources, geographical origin, and morphology 
The source and geographic origins of the nine new phages are listed in Table 1. While 
two phages (Diane, Fern) were obtained from lysogens, all nine phages lyse P. larvae in 
laboratory conditions (especially P. larvae genotype ERIC I) without needing to be induced, 
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while leaving other Paenibacillus species unharmed (Yost et al., 2016). Electron micrographs of 
phages Diane (Fig 1A), Fern (Fig 1B) and Hayley (Fig 1C) are shown in Fig. 1. All of our 
phages are Siphoviridae, as are all currently known P. larvae phages (Beims et al., 2015; Carson 
et al., 2015; Oliveira et al., 2013; Yost et al., 2016). Capsids are prolate, approximately 100 nm 
long by 50 nm wide, and tails are approximately 150–200 nm long (Fig. 1).  
 
Table 1:   Geographical origin and isolation source of P. larvae phages. 
aLysogenic phage from ATCC culture 25747 isolated in Ohio by White from an infected insect27 
bLysogenic phage from P. larvae wild strain 2231 isolated from an infected larva scale 
cIsolated from commercial products purchased in NV 
 
Phage genome sequencing and assembly 
The GenBank accession numbers and results of the genome assembly process for the nine 
phages are shown in Table 2. Genome size ranges from 38 to 45 kb, and GC content from 40% 
to 43%. The genomes are 93– 95% coding. No tRNAs were identified. The assembly process for 
Fern, Harrison, Paisley, Willow and Xenia produced complete genomes (hence min. coverage 
depth >1). For Diane, Hayley, Vadim and Vegas, the assembly process missed the genome ends 
Phage name Geographical  location Isolation Source 
Dianea OH Infected larva, ATCC culture 25747 
Fernb USDA lab Germantown MD Infected larva, P. larvae wild strain 
2231 
Harrison Gilcrease Orchards, N. Las 
Vegas, NV 
Soil 
Hayley Gilcrease Orchards, N. Las 
Vegas, NV 
Soil 
Paisley PA Soil 
Vadimc NV Lip balm 
Vegasc NV Lip balm 
Willow Near Bremerton, WA Soil 
Xenia USDA lab Germantown MD Infected larva 
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(hence min. coverage depth = 1), and the genome ends were obtained by PCR as described in 
(Tsourkas et al., 2015). 
 
 
Figure 1:  Scanning electron micrographs of phages (A) Diane, (B) Fern, and (C) Hayley. 
 

















Diane KT361657 45,653 67 1 43.7 95.7 
Fern KT361649 37,995 502 98 41.9 93.7 
Harrison KT361651 44,247 291 61 40.2 93.6 
Hayley KT361655 44,256 43 1 43.5 95.4 
Paisley KT361653 44,172 350 58 40.0 93.5 
Vadim KT361656 45,653 94 1 43.7 95.7 
Vegas KT361654 45,653 128 1 43.7 95.7 
Willow KT361650 37,994 122 50 41.9 93.7 






Genome annotation and comparative genomics of P. larvae phages 
Genome annotation results are shown in Table 3. The genome annotation process 
identified between 68 and 86 protein coding genes in each phage. The number of genes increases 
linearly with genome size (R2 = 0.99). Approximately 90–95% of the P. larvae phage genes have 
a statistically significant BLASTP or CD-Search match (E-value < 1E-3), while approximately 
half have a statistically significant BLASTP or CD-Search match to a protein with known 
function. Comparative genomics using our Phamerator database revealed that the majority 
(~75%) of the genes are found only in P. larvae phages, with the majority of the remainder 
mostly shared with other Bacillus phages. Xenia has nine genes not found in any other phages, 
while Harrison and Paisley each have one gene unique to them. Quantitative metrics of our 
phages’ genomes such as the length and number of non-coding gaps and overlaps are shown in 
Supplementary Table 1. 
 

























Diane 86 83 45 22 64 0 
Fern 68 65 36 18 50 0 
Harrison 84 75 38 23 60 1 
Hayley 84 81 43 21 63 0 
Paisley 84 75 38 23 60 1 
Vadim 86 83 45 22 64 0 
Vegas 86 83 45 22 64 0 
Willow 68 65 36 18 50 0 





Figure 2:  Dotplot of the genomes for nine new P. larvae phages.  A black dot is placed where there is 
nucleotide identity between two phages. 
 
 
Dotplots of the phages’ genomes are shown in Fig. 2. All phages have a conserved region 
located at the start of the genome. Diane, Vadim, Vegas, and Hayley all appear to be highly 
similar to each other. Hayley appears to be missing a region located approximately in the middle 
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of the genome that is present in Diane, Vadim, and Vegas. Paisley and Harrison are also very 
similar to each other, and Fern and Willow to each other. Xenia does not appear to be highly 
similar to any other phage, but seems closest to Fern and Willow.  
To quantify the degree of nucleotide sequence identity between our phages, we 
constructed a nucleotide sequence identity matrix using ClustalW, shown in Fig. 3. In this figure, 
we also included all other currently published P. larvae phages (Diva, Lily, Rani, Redbud, 
Shelly, Sitara, HB10c2 and phiIBB_Pl23). P. larvae phages fall into two similarity clusters 
containing phages with >60 % nucleotide sequence identity. Phage Lily is very divergent from 
all other P. larvae phages and does not fall into either cluster. Cluster A and Cluster B phages 
have a low degree of nucleotide sequence identity with each other (~40%, which is roughly the 
percentage nucleotide sequence identity produced by ClustalW for two randomly generated 
nucleotide sequences of equal length). The clusters can be broken down into subclusters 
containing phages with >90 % nucleotide sequence identity, with Cluster B containing several 
singletons. All of these groupings cross geographical and source boundaries, e.g. Xenia (isolated 
in MD) has a very high degree of nucleotide sequence identity (99.5%) with Shelly (isolated in 
NC).  Phages within the same subcluster have similar, though not identical lytic profiles and 
plaque morphologies (Yost et al., 2016). For this reason, we considered Diane, Vadim and Vegas 
(>99.9% nucleotide sequence identity) and Fern and Willow (99.99% nucleotide sequence 
identity) to be distinct from each other. However, as the annotation process did not produce any 
differences between Diane, Vadim and Vegas, we treat these phages as one in subsequent 
genomic analyses, and do likewise for Fern and Willow. In contrast, annotations of Xenia and 
Shelly are not identical despite the 99.5% nucleotide sequence identity between these two 




Figure 3: Percent nucleotide sequence identity matrix for all 17 sequenced P. larvae phages. Phages are 
classified into clusters and subclusters based on nucleotide sequence identity. 
 
Genome maps produced with Phamerator are shown in Figs. 4 and 5. The difference 
betweenDiane/Vadim/Vegas and Hayley is due to two genes absent in Hayley (gp30 and gp31), 
but otherwise all four of these phages contain the same genes. Similarly, the difference between 
Harrison and Paisley is due to a single gene (gp65). Up to gp21 the majority of genes appear to 
be fully conserved in all phage genomes, with the exception of gp5 and gp8–15, which differ 
between Cluster A phages and Fern/Willow and Xenia. Of these, gp5, gp8, gp14 and gp15 are 
single pham genes and are thus still somewhat conserved across all phages, however gp9–13 are 
not. Past gp21 the genomes diverge, the sole exception being Xenia and Fern/Willow, which 
have several genes in the same pham throughout the genome, especially in the region between 
gp42 and gp52 in Fern/Willow (gp51 and gp61 in Xenia). Gp53 and gp54 in Harrison and 
Paisley are very similar to gp40 and gp41 in Fern/Willow, even though they occur in a non-
conserved region in the genomes’ mid-section, possibly indicating horizontal gene transfer. The 




Figure 4: Genome maps of our P. larvae phages obtained from Phamerator (first half).  Boxes represent 
genes, with boxes of the same color indicating genes in the same pham.  Genes in a pham of their own are 
uncolored.  Shaded areas indicate regions of high nucleotide sequence similarity between phages, with 
purple indicating the highest degree of similarity, and red the lowest.  
 
P. larvae phage protein functions 
Gene products that have at least one statistically significant (E-value <1E-3) BLAST or 
CD-Search match with a protein of known function are shown in Table 4. The list of all the gene 
products of our nine P. larvae phages, the phams to which they belong, and any other phage gene 





Figure 5: Genome maps of our P. larvae phages obtained from Phamerator (second half).  Boxes 
represent genes, with boxes of the same color indicating genes in the same pham.  Genes in a pham of 
their own are uncolored.  Shaded areas indicate regions of high nucleotide sequence similarity between 
phages, with purple indicating the highest degree of similarity, and red the lowest. 
 
 
Virion particle genes 
Virion particle genes are clustered near the start of the genome, from position gp3 to 
gp17. They include a portal protein (gp3), a major capsid protein (gp5), a head-tail connector 
(gp7), a head-tail adaptor protein (gp8) and a head-tail joining protein (gp9), and five or six tail 
proteins, including a major tail protein (gp11), a tail tape measure protein (gp14), and an 
endopeptidase tail protein (gp16). The head-tail adaptor protein at gp7 also has strong BLAST 
and CD-Search matches with a “DNA packaging protein.”  However, as this is not confirmed 
and DNA packaging is handled by the terminase, we assigned head-tail adaptor function to this 
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gene product. The tail tape measure protein is encoded by the longest gene in the genome in all 
of the phages. All the identified virion particle genes are found in all of our phages, except for 
the head-tail joining protein (gp9) found only in Cluster A phages, and a tail protein (gp10) 
exclusive to Fern/Willow and Xenia. 
Virion particle genes are conserved, as they are all single-pham genes, the sole exception 
being the major tail protein (gp11), which is in two phams (see also Fig. 3); one pham for the 
Cluster A phages (who have the same major tail protein), and one pham for Fern/Willow, and 
Xenia (who also have the same major tail protein). The tail tape measure protein (gp14) is a 
single-pham gene, however it follows the same pattern as the major tail protein: Cluster A 
phages have an identical tail tape measure protein that is different than the tail tape measure 
protein of Fern/Willow, and Xenia. Both the major tail protein and tail tape measure protein of 
Cluster A phages are considerably longer than those of Fern/Willow and Xenia, suggesting 
Cluster A phages have longer tails than Fern/Willow and Xenia. From Fig. 1, we can discern that 
Diane and Hayley do indeed have a longer tail (»200 nm) than Fern (»150 nm). 
 
Virion assembly genes 
Assembly genes identified include a small and large terminase (gp1 and gp2, 
respectively), a Clp protease (gp4) and a prohead protease (gp10). The small and large terminase 
and the Clp protease are found in all the phages, but the prohead protease at gp10 is only present 





Host lysis genes 
All of our phages encode an N-acetylmuramoyl-L-alanine amidase endolysin at position 
gp21. This protein varies between 224 and 226 amino acids in length and is conserved among 
our phages, as all N-acetylmuramoyl-L-alanine amidases are in a single pham. In addition, all of 
our phages encode a transglycosylase near the end of their genomes. Transglycosylases, also 
known as glycosyltransferases, are known to cleave glycosidic bonds in the host glycan, and are 
thus used by phages for host lysis (Nelson et al., 2012; Payne and Hatfull, 2012; Walmagh et al., 
2013). The transglycosylase is conserved, as it is a single-pham gene. In addition, Xenia encodes 
a protein (gp26) with statistically significant matches to an amidase domain, although nothing 
more is known about the function of this protein (and it also has statistically significant matches 
to peptidase domains). 
 
DNA replication and metabolism genes 
All our phages encode numerous genes with putative functions related to DNA 
replication and metabolism. These include transposases, integrases, endonucleases, serine 
recombinases, excisionases, methyltransferases, and others. This is by far the largest and most 
diverse functional category. The vast majority of DNA replication and metabolism genes are not 
conserved among our phages. Only two genes in this category, the transposase at gp23/gp22 and 
the HNH endonuclease (which is the last gene in the phage genomes), are found in all the phages 
and are conserved. Of significance is that the transposase at gp23/gp22 has significant BLAST 
matches to proteins with holin function. However, the matches to transposase function are much 
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more statistically significant than to those with holin function (e.g., E-value of 1E-37 compared 
to 1E-5), thus we assigned it transposase function. 
A conserved integrase is found in Diane/Vadim/ Vegas (gp38), Hayley (gp36), and 
Fern/Willow (gp32). Harrison and Paisley possess a serine recombinase at gp44 that has equally 
significant BLAST and CDD matches to integrases, therefore this protein could be an integrase. 
In addition, Xenia possesses several genes assigned transposase function that have equally 
significant matches to proteins with integrase function (gp29, gp36, gp37). It is therefore 
possible and in fact likely that all of our phages possess at least one integrase, indicating they 
possess lysogenic potential; in fact, two of our phages (Diane and Fern) were isolated as 
lysogens that converted to lytic phages in vitro. 
 
Regulatory genes 
All nine P. larvae phages encode genes that regulate gene expression, whether in the host 
or the phage itself. These include XRE (Xenobiotic response element), Cro/Cl, AbrB (ambiactive 
repressor) and ArpU (autolysin regulatory protein) family transcriptional regulators, as well as 
anti-repressor proteins. Many of these proteins, in particular the XRE-family transcriptional 
regulators, contain a helix-turn-helix domain. However, the function of these proteins in the P. 
larvae phage life cycle is not known, which suggests these phages use novel methods of gene 
regulation to modulate host expression in support of their life cycle. These are the least con-
served genes in our phages. There is no regulatory gene that is common to all of the phages, and 
even genes of the same family are divergent, e.g., the XRE family transcriptional regulator at 
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gp41 in Diane/Vadim/Vegas, gp39 in Hayley, gp45 in Harrison and Paisley, and gp33 in 
Fern/Willow, is in three different phams. 
 
Host-related genes 
The nine phages also code for a variety of host-related proteins, such as several toxins, 
two ABC transporters, a stress protein, a metallo-hydrolase, a phosphomannomutase, a toxin-
antitoxin system, and others. At position gp20 all the phages code for a conserved (single-pham) 
bacteriocin, a toxin prokaryotes produce to inhibit the growth of closely related competitor 
strains (Cotter et al., 2013). This gene also has strong BLAST matches to a “bhlA protein,” an 
unconfirmed holin-like protein (Anthony et al., 2010; Aunpad and Panbangred, 2012). While this 
could be the “missing” holin gene, we assigned bacteriocin function due to its much more 
statistically significant match (E-value < 1E-100 com-pared to 1E-13). Fern/Willow and Xenia 
contain a putative metallo-hydrolase, a type of b-lactamase (gp48/58). All of the phages also 
encode the HicA/ HicB toxin/antitoxin system. With the exception of the bacteriocin, none of 
these genes are conserved. Besides the bacteriocin, only the toxin-antitoxin genes are present in 
all of the phages, and these are not conserved; the HicA genes are in three phams, while the HicB 
genes are in two phams. In Diane/Vadim/Vegas and Hayley the HicA genes are located in front 
of the HicB genes, while the opposite is true in the other phages. 
 
Gene operons 
In every one of our phages’ genomes, there are 10 to 15 instances of genes whose start 




Figure 6:  Multiple alignment and percent amino acid sequence identity matrix of P. larvae phage large 
terminases.  With the exception of Lily, all P. larvae phages have a large terminase that is either identical 
to that of Diane (Diane, Hayley, Vadim, Vegas, Harrison, Paisley), or Xenia (Xenia, Fern, Willow, Diva, 




transcribed together as part of an operon. Of these, the following are operons involving 
proteins with putative function: The large terminase at gp2 and the portal protein at gp3 
(all phages), the Clp protease at gp4 and the major capsid protein at gp5 (all phages), the 
head-tail connector at gp7 and the head-tail adaptor at gp8 (all phages), which extends to 
include the head-tail joining protein at gp9 and the prohead protease at gp10 in the 
Cluster A phages, the major tail protein at gp11 and the hypothetical protein at gp12 
(Fern/Willow, Xenia), the tail tape measure protein at gp14 and the tail protein at gp15 
(Fern/Willow, Xenia), the endopeptidase tail protein at gp16 and the tail protein at gp17 
(all phages), the bacteriocin at gp20 and the N-acetylmuramoyl-L-alanine amidase at 
gp21 (all phages), the transglycosylase at gp67/gp76 and the HNH endonuclease at 
gp68/gp77 (Fern/Willow, Xenia). 
 
Multiple alignment of P. larvae phage large terminases 
We performed a multiple alignment of the P. larvae phage large terminases using 
ClustalW in Fig. 6. The alignment showed that there are only three distinct large terminases for 
the 17 known P. larvae phages. Diane/Vadim/Vegas, Hayley, Harrison and Paisley all have the 
same large terminase (Group 1), as do Fern/ Willow, Xenia, Diva, Rani, Redbud, Shelly, Sitara, 
HB10c2 and phiIBB_Pl23 (Group 2), with the large terminase of Lily by itself (Group 3). The 
large terminases follow the classification of the phages based on nucleotide sequence identity, 
i.e. Cluster A phages all have the Group 1 large terminase, while Cluster B phages have the 
Group 2 large terminase, with Lily an outlier (Fig. 3). From Fig. 6A we observe 11 locations 
where the Group 1 and Group 2 large terminases differ, corresponding to an amino acid sequence 




Figure 7:  Multiple alignment and average amino acid identity matrix of P. larvae phage N-
acetylmuramoyl-L-alanine amidases.  There are five distinct P. larvae phage N-acetylmuramoyl-L-
alanine amidases, with phages in the same group having an identical N-acetylmuramoyl-L-alanine 
amidase.  Group 1 consists of phages Diane, Vadim, Vegas and Hayley, Group 2 consists of phages 
Harrison, Paisley and phiIBB_Pl23, Group 3 consists of phages Willow and Fern, Group 4 consists of 




from the other two (10% amino acid identity), and also considerably longer than the other two 
(622 amino acids compared to 574 amino acids). A pham circle of the P. larvae phage large 
terminase is included as Supplementary Fig. 1. 
 
Multiple alignment of P. larvae phage N-acetylmuramoyl-L-alanine amidases 
  A multiple alignment of the N-acetylmuramoyl-L-alanine amidases of all the P. larvae 
phages is shown in Fig. 7. There are five distinct N-acetylmuramoyl-L-alanine amidases among 
the 17 currently sequenced P. larvae phages. Group 1 consists of the N-acetylmuramoyl-L-
alanine amidase of Diane/Vadim/Vegas, and Hayley, Group 2 consists of Harrison, Paisley, and 
phiIBB_Pl23, Group 3 consists of Fern/ Willow, Group 4 consists of Xenia, Diva, Shelly and 
Sitara, and Group 5 consists of HB10c2, Redbud, and Rani. The N-acetylmuramoyl-L-alanine 
amidases follow the classification of the phages based on nucleotide sequence identity (Fig. 3), 
i.e. phages in the same subcluster have the same N-acetylmuramoyl-L-alanine amidase. The five 
different N-acetylmuramoyl-L-alanine amidases all have >90 % similarity with each other. A 
pham circle of the P. larvae phage N-acetylmuramoyl-L-alanine amidases is included as 
Supplementary Fig. 2. 
 
P. larvae phages use the 3’ cohesive ends DNA packaging strategy 
  Comparative analysis shows our phages use the cohesive ends with 3’ overhangs DNA 
packaging strategy. Diva, Rani, Redbud, Shelly and Sitara (whose large terminases are either 
98% or 100% identical with those of our phages) are known to possess 9-bp 3’ overhangs with 
the sequence “CGACTGCCC” (Carson et al., 2015). We found the same 9-bp sequence in 
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Diane/Vadim/ Vegas, Hayley, Fern/Willow and Xenia, and rearranged their genomes so that 
base one is the first base immediately after the last overhang base. When the genomes are 
rearranged this way, the first gene in the genome is the small terminase, which begins 50 bp 
downstream of base 1, exactly like in Diva, Rani, Redbud, Shelly and Sitara (Carson et al., 
2015). When we rearrange the genomes of Harrison and Paisley in this manner, this reveals an 
overhang whose sequence is “CGACG-GACC,” differing by two bases from the overhang of the 
other phages, even though the large terminase of Harrison and Paisley is identical to that of 
Diane/Vadim/Vegas and Hayley. That P. larvae phages use the 3’ cohesive ends packaging 
strategy is further confirmed by a phylogenetic tree of the large terminases of the phages in our 
Phamerator database, shown in Supplementary Fig. 3. 
 
Discussion 
In this study we have conducted an in-depth comparative genomic analysis of nine P. 
larvae phages recently sequenced and published by our group. These phages were isolated from 
a variety of sources, such as infected larvae, soil samples, and commercial beeswax products, 
from different geographical regions of the United States. Interestingly, there are several instances 
of phages from different locations having a very high degree of nucleotide sequence identity with 
each other. Phage Fern (lysogenic phage isolated from a wild P. larvae strain) is very similar to 
phage Willow (soil sample from Washington state); phage Harrison (soil sample from Nevada) is 
very similar to phage Paisley (soil sample from Pennsylvania); and phages Diane (lysogenic 
phage isolated from ATCC P. larvae strain), Vadim (commercial beeswax product), Vegas 
(another commercial beeswax product) and Hayley (soil sample from Nevada) are all very 
similar to one another. Phage Xenia (isolated from infected larva from a USDA lab in Maryland) 
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shows a very high degree of sequence similarity (99.5%) with phage Shelly, which was isolated 
in North Carolina by another group. These findings suggest that subsets of P. larvae phages are 
subject to very similar selection pressures. 
P. larvae phages can be classified into two main clusters based on nucleotide sequence 
identity (we used a thresh-old of 60%), both of which can be broken down into two or more 
subclusters, and one singleton (Lily). Cluster A phages (Diane, Vadim, Vegas, Hayley, Harrison, 
Paisley) show little sequence similarity (~40%) with Cluster B phages (Fern, Willow, Xenia, 
Diva, Rani, Redbud, Shelly, Sitara, HB10c2, phiIBB_Pl23). The clusters are themselves 
heterogeneous and can be further broken down into subclusters that contain phages that are very 
similar to one another (>90% nucleotide sequence identity), and in the case of Cluster B, several 
singletons. This is similar to what has been observed in other well-studied phages, such as 
Mycobacterium phages (Hatfull et al., 2010). As with Mycobacterium phages, we expect that as 
the number of sequenced P. larvae phages increases over time, the clusters and subclusters will 
increase in number and grow in size and diversity (Pope et al., 2015). 
Comparative genomic analysis of the nine new P. larvae phages shows that the majority 
of their genes are only found in P. larvae phages. Using bioinformatics tools alone, we were able 
to predict putative functions for about half of the genes of the new P. larvae phages. We found 
genes coding for virion particle proteins, virion assembly proteins, host lysis proteins, DNA 
replication and metabolism proteins, regulatory proteins, and host-related proteins. Almost all of 
the virion particle and assembly genes are found in all our phages and are conserved, indicating 
similar morphology and assembly mechanisms. The tail proteins may possess catalytic activity 
(e.g., gp16 may have endo-peptidase activity), which would allow the phages to penetrate into 
their host; more work is needed to understand how P. larvae phages invade their hosts. On the 
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other hand, the DNA replication/metabolism, regulatory genes, and host-related genes are 
generally not conserved. Many of the DNA replication/metabolism, regulatory, and host-related 
genes are found in some of the phages but are absent from others. This suggests diverse and 
potentially novel DNA replication and gene regulation mechanisms at the transcriptional level. 
More work is needed to understand the functions of many of the DNA replication/metabolism, 
regulatory, and host-related genes, as their precise role in P. larvae phage and/or P. larvae 
biology is not known. The host-related genes are of particular interest as they include genes 
implicated in antibiotic resistance, such as a b-lactamase, and host virulence, such as toxins, a 
bacteriocin, and a toxin-antitoxin system. These genes may be used by the phages, once 
integrated into the host chromosome, to promote their spread by assisting infected P. larvae in 
outcompeting bacterial competitors and in defending against antibiotics. 
In terms of genome architecture, the conserved virion particle and assembly genes are 
located at the front end of the genome in synteny, typical of Siphoviridae phage genomes 
(Casjens, 2005). It is possible, and in fact likely, that genes located in this genomic region whose 
function cannot be inferred from sequence comparison alone, such as gp6, gp9, gp12, gp13, gp18 
and gp19 encode virion particle or assembly genes, but more work is needed to identify the 
function of these genes. The divergent DNA replication/metabolism, regulatory and host-related 
genes are located downstream of the virion particle and assembly genes. The genomes of our P. 
larvae phages converge at the ends, where a conserved transglycosylase and HNH endonuclease 
are located. 
All of the new phages encode a highly conserved N-acetylmuramoyl-L-alanine amidase 
endolysin. Multiple alignment of the P. larvae phages’ N-acetylmuramoyl-L-alanine amidase 
revealed that there are five distinct N-acetylmuramoyl-L-alanine amidases among the 17 
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currently sequenced P. larvae phages, all with >90% amino acid sequence identity to each other. 
Phages grouped in the same subcluster by nucleotide sequence identity have the same N-
acetylmuramoyl-L-alanine amidase, suggesting subsets of P. larvae phages lyse slightly different 
hosts. 
Many bacteriophages lyse their hosts by means of a holin/endolysin cassette (Young, 
1992). The new P. larvae phages seem to lack a holin on first inspection, although they do 
encode for at least two proteins with significant matches to holin or holin-like proteins (the 
bacteriocin at gp20 and the transposase at gp23/gp22). It could be that either (or perhaps both) of 
these proteins are indeed holins used by the P. larvae phages. This possibility is reinforced by 
the fact that both genes are located proximally to the N-acetylmuramoyl-L-alanine amidase, and 
that the putative bacteriocin is part of the same operon with the N-acetylmuramoyl-L-alanine 
amidase. Holins are generally not conserved, and are therefore difficult to detect 
bioinformatically, thus more work is needed in this area. 
The phages also code for a transglycosylase, raising the interesting possibility that P. 
larvae phages have more than one lytic mechanism. The fact that the transglycosylase is found in 
all our phages and is conserved (all transglyosylases are in the same pham), lends additional 
support to this hypothesis. This gene occurs in a region of the genome that is not conserved, 
suggesting it may have spread by horizontal gene transfer. More work is needed to discern the 
mechanisms of how P. larvae phages lyse their hosts. 
All the phages also encode at least one transposase and likely one integrase. Thus in 
addition to lytic activity, they also appear to possess lysogenic activity. However these proteins 
are not conserved among our phages, pointing to potentially different lysogenic mechanisms. 
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Analysis of the large terminase protein indicated that there are only three distinct large 
terminases among the 17 currently sequenced P. larvae phages. Two of the large terminases are 
very similar to each other, having 98% amino acid sequence identity between them. These two 
large terminases account for 16 of the 17 P. larvae phages, the sole exception being the large 
terminase of phage Lily, which is very divergent from the other two (i.e. Cluster A and Cluster 
B). Phages in the same cluster have the same large terminase. All our P. larvae phages use the 
“cohesive ends with 9-bp 3’ overhangs” strategy, consistent with all other sequenced P. larvae 
phages (with the sole exception of phage Lily). 
In recent years there has been a surge of interest in P. larvae phages, partly due to their 
potential to treat AFB. The number of sequenced P. larvae phages has increased from 0 at the 
start of 2013, to 17 as of this writing, and is likely to grow significantly. Our comparative 
genomic study is the first of its kind, and we expect to see much growth in P. larvae genomics in 
the coming years. Key areas to be addressed are identifying the function of more P. larvae phage 
proteins, the evolutionary history of P. larvae phages, the mechanisms by which P. larvae 
phages lyse their hosts, including identification of P. larvae phage holins and the role of 
transglycosylase, and the role of phage-encoded b-lactamases and toxins in P. larvae antibiotic 
resistance and virulence. Other potential areas of interest are the mechanism by which P. larvae 
phages penetrate their host, the relationship of P. larvae phages to their hosts in the wild, 
including the phages’ role in horizontal gene transfer, identifying uses of P. larvae phage 
proteins for biotechnology applications, understanding how P. larvae defend against infection 





Materials and methods 
Phages were isolated from a variety of sources and amplified using P. larvae NRRL 
2605. Details of the isolation and amplification process are given in (Yost et al., 2016). 
Assembly was carried out using Geneious 7.1 (Biomatters, Auckland, NZ) (Kearse et al., 2012). 
Details of the assembly process are given in (Tsourkas et al., 2015). 
Genomes were annotated using DNA Master (coba mide2.bio.pitt.edu), which includes 
the gene calling programs Glimmer (http://ccb.jhu.edu/software/glimmer) (Delcher et al., 1999) 
and GeneMark (exon.gatech.edu) (Besemer and Borodovsky, 2005). We also used 
GeneMark.hmm (exon.gatech.edu) (Lukashin and Borodovsky, 1998). Details of the annotation 
procedure are given in (Tsourkas et al., 2015). 
Dot plots were obtained with Gepard 1.30 (cube. univie.ac.at/gepard) (Krumsiek et al., 
2007). The percent nucleotide sequence identity between phage genomes was obtained by 
performing a multiple alignment using ClustalW (Thompson et al., 1994), using the IUB cost 
matrix. Protein alignments were performed using ClustalW using the BLO-SUM62 cost matrix. 
Protein phylogenetic trees were constructed using Clustal Omega (Sievers et al., 2011). 
Putative protein function was inferred from manual curation of searches of NCBI’s non-
redundant protein database with BLASTP, and searches of NCBI’s Conserved Domain Database 
(CDD) with CD-Search (Marchler-Bauer et al., 2009), both with an E-value cutoff of 1E-3. In 
cases where the searches returned multiple conflicting results, the result with the lowest E-value 
was chosen (unless the result was a “hypothetical protein,” in which case the result with the 
lowest E-value that wasn’t a hypothetical protein was entered). In cases where there were 
conflicting results with equal E-value, the bit score was used as a tie-breaker. 
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Phage genome maps and pham circles were obtained from Phamerator (Cresawn et al., 
2011). Phage genome maps were obtained using the “Align Two Sequences” algorithm of 
BLASTN and default window and step size, and an E-value cutoff of 1E-4. Genes with percent 
nucleotide identity >32.5% as calculated using ClustalW and BLAST E-value < 1E-50 were 
grouped into the same “pham”. The Phamerator database was populated with Bacillus and non-
Bacillus phages whose proteins appeared in our BLAST results with E-value 1E-3, as in (Merrill 
et al., 2014). The full list of phages in our Phamerator database, their accession number, and 
host, is included as Supplementary Table 3. 
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The antibiotic-resistant bacterium Paenibacillus larvae is the causative agent of 
American foulbrood (AFB), currently the most destructive bacterial disease in honeybees. 
Phages that infect P. larvae were isolated as early as the 1950s, but it is only in recent years that 
P. larvae phage genomes have been sequenced and annotated. In this study we analyze the 
genomes of all 48 currently sequenced P. larvae phage genomes and classify them into four 
clusters and a singleton. The majority of P. larvae phage genomes are in the 38–45 kbp range 
and use the cohesive ends (cos) DNA-packaging strategy, while a minority have genomes in the 
50–55 kbp range that use the direct terminal repeat (DTR) DNA-packaging strategy. The DTR 
phages form a distinct cluster, while the cos phages form three clusters and a singleton. Putative 
functions were identified for about half of all phage proteins. Structural and assembly proteins 
are located at the front of the genome and tend to be conserved within clusters, whereas 
regulatory and replication proteins are located in the middle and rear of the genome and are not 
conserved, even within clusters. All P. larvae phage genomes contain a conserved N-





The gram-positive, spore-forming bacterium Paenibacillus larvae is the causative agent 
of American foulbrood (AFB), the most destructive bacterial disease in honeybees (Apis 
mellifera) and one of the leading causes of their global population decline (Genersch, 2010b). 
Although P. larvae exclusively infects honeybee larvae and not adult bees, it is highly virulent 
and can wipe out an infected hive in a matter of days if untreated (Genersch, 2010b). P. larvae 
spores are easily spread by bees and the wind, and thus AFB is highly contagious. Furthermore, 
P. larvae spores are extremely durable, lasting several decades (Genersch, 2010b). In recent 
years several P. larvae strains have developed antibiotic resistance, complicating treatment 
efforts (Miyagi et al., 2000; Murray and Aronstein, 2006; Tian et al., 2012). Although 
beekeepers in the United States still have moderate success in treating AFB using the macrolide 
antibiotic Tylosin Tartrate, in other jurisdictions, such as the European Union, the use of 
antibiotics in honey is prohibited. If the infection does not clear, incineration of infected hives is 
the only method for combating P. larvae outbreaks. 
Given this situation, there has been growing interest in phages that infect and lyse P. 
larvae. The first P. larvae phages were identified in the 1950s, with several more isolated in the 
following decades (Bakhiet and Stahly, 1988; Benada et al., 1984; Campana et al., 1991; 
Dingman et al., 1984; Drobnikova and Ludvik, 1982; Gochnauer, 1955; Gochnauer, 1970; 
Stahly et al., 1999; Valerianov et al., 1976). None of these were sequenced at the time, as 
genome sequencing was still prohibitively expensive and AFB was routinely treated with 
antibiotics, and thus interest in P. larvae phages was scant. However, in the last five years, the 
number of sequenced P. larvae phages has increased significantly, standing at 48 as of this 
writing. P. larvae phages have been isolated and sequenced in Portugal (Oliveira et al., 2013), 
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Germany (Beims et al., 2015), and the United States (Abraham et al., 2016; Carson et al., 2015; 
Merrill et al., 2018; Tsourkas et al., 2015; Walker et al., 2018; Yost et al., 2018), with the latter 
accounting for the vast majority of published genomes. In addition, six studies have been 
published within the last two years on treating AFB with P. larvae phages or P. larvae phage 
endolysins (Beims et al., 2015; Brady et al., 2017; Ghorbani-Nezami et al., 2015; LeBlanc et al., 
2015; Oliveira et al., 2015; Yost et al., 2016). 
The first P. larvae phage to have its genome sequenced was phiIBB_Pl23, isolated in 
Portugal, in 2013 (Oliveira et al., 2013), followed by phage HB10c2 in Germany (Beims et al., 
2015), and phages Diva, Lily, Rani, Redbud, Shelly, Sitara and Tripp, isolated in North Carolina 
(Abraham et al., 2016; Carson et al., 2015). In 2015, the genomes of nine P. larvae phages from 
the University of Nevada, Las Vegas (UNLV) were published (Tsourkas et al., 2015), followed 
by the first comparative genomics analysis of P. larvae phages (Stamereilers et al., 2016). 
Concurrently, a large number of P. larvae phages were isolated at Brigham Young University 
(BYU) in Utah as part of BYU’s Phage Hunters course over the period 2014–2016, and the 
genomes of 26 of these were published in 2018 (Merrill et al., 2018; Walker et al., 2018). An 
additional four genomes from UNLV were published in 2018 (Yost et al., 2018), bringing the 
total number of published P. larvae phage genomes at 48, a number which will continue to grow 
in the future. 
In the present study, we expand upon previous work, give an overview of the genomic 
landscape of the 48 sequenced P. larvae phages, and perform a comparative analysis of their 
genomes. We group phages into similarity clusters, identify similarities and differences between 




Materials and Methods  
The annotated genomes of phages published by groups other than ours were obtained 
from NCBI GenBank. For phages isolated by groups at UNLV and BYU, genome assembly was 
carried out using Geneious 10.2.2 (Biomatters, Auckland, New Zealand) (Kearse et al., 2012) 
with Medium-Low Sensitivity/Fast and checking for contig circularization. Only phages that 
produced circularized contigs were annotated and published.  
The genome ends and DNA packaging strategy were identified by sequence similarity to 
previously published P. larvae phages and also using the methods described in (Merrill et al., 
2016). First, all BYU and UNLV phages were searched for the known 3′ overhang sequence 
“CGACTGCCC” near the terminase genes (Carson et al., 2015; Tsourkas et al., 2015; Walker et 
al., 2018). If this sequence was found near the terminase genes, the genome was rearranged so 
that base one is the first base after the last “C” of the 3′ overhang sequence. Rearranging the 
genome in this manner resulted in the start of the small terminase gene being located 50 base 
pairs (bp) downstream of base 1, consistent with most published P. larvae phage genomes. In 
phages Dragolir, Wanderer and LincolnB, this 3′ overhang sequence was not found, but when 
these genomes were rearranged as described above, the genome ends were found to contain the 
sequence “CGACGGCCC”, indicating a point mutation in the 3’ overhang sequence. Phages 
Ash, Ley, C7Cdelta, Halcyone, Heath, Scottie, and Unity have sequence similarity to phage 
Tripp (Abraham et al., 2016), which uses the Direct Terminal Repeats (DTR) packaging 
strategy, and we thus searched these phages for a DTR sequence. The DTR sequence was 
identified using Pile-up Analysis Using Starts & Ends (PAUSE) (cpt.tamu.edu/computer-
resources/pause) and Geneious, looking for a sharply delimited region with double coverage 
depth, as detailed in (Merrill et al., 2016) and shown in Figure 1. For this method to work, the 
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phage genomes must be sequenced with a PCR-free library preparation method, e.g., Illumina 
TruSeq (San Diego, CA, USA).  
Annotation of the BYU and UNLV phage genomes was carried out at UNLV using DNA 
Master (cobamide2.bio.pitt.edu). Open reading frames (ORFs) were assigned a score α that 
determined whether they were identified as coding based on five criteria: (a) Number of auto-
annotation programs that identified the ORF as coding: Glimmer Delcher et al., 1999) 
(ccb.jhu.edu/software/glimmer), and the GeneMark family of programs (exon.gatech.edu), 
specifically GeneMark (Borodovsky and McIninch, 1993), prokaryotic GeneMark.hmm 
(Lukashin and Borodovsky, 1998) (host trained with P. larvae ATCC 9545), Heuristic 
GeneMark.hmm (Besemer and Borodovsky, 1999), GeneMarkS (self-trained) (Besemer et al., 
2001), and GeneMark S2 (score can thus range from 0 to 6); (b) existence of coding potential 
predicted by GeneMarkS as in Figure 2 (score 0–5, based on height and ORF coverage); (c) 
existence of statistically significant homology matches (BLAST, HMMer) (score 0–5, based on 
E-value and number of amino acid residues); (d) filling of coding gap and existence of overlaps 
with other putative genes (score 0–5, based on gap filling and overlap length); and (e) whether 
the putative gene is part of an operon (start/stop overlaps with the stop/start of an 
upstream/downstream gene). Criterion (d) takes into account the fact that phage genes seldom 
overlap (thus overlapping is penalized) and that phage genomes do not have large noncoding 
gaps (thus gap filling is rewarded). Criterion (e) takes into account the fact that many phages 
genes are part of an operon, while pseudo-genes are unlikely to be. Putative genes above a cutoff 
score (typically α=8) were kept. Genes identified by only one program and genes <200 bp in 
length were thoroughly investigated as potential false positives. Coding gaps longer than 100 bp 




Figure 1: Read coverage map obtained from Pile-up Analysis Using Starts & Ends PAUSE. The 
direct terminal repeat sequence is located in the sharply delimited region of double coverage depth 




Figure 2: Coding potential map for two open reading frames (ORFs), obtained from GeneMarkS. 
In the figure, two ORFs are shown, one with strong coding potential (left, score: 5) and one with 
weak coding potential (right, score: 1). Upward ticks represent start codons, downward ticks 
represent stop codons, and horizontal lines between ticks indicate ORFs. The first ORF has four 




For each gene, start codons were assigned a score based on (a) the number of auto-
annotation programs that chose that start codon (0 to 6); (b) whether a start codon was located in 
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front of the increase in coding potential; (c) the number of amino acid residues in the top 
homology matches; (d) the length of the resultant gap or overlap, (e) overlap with the stop codon 
of an upstream gene (indicating an operon); and (f) Shine–Dalgarno score with settings Kibler6 
and Karlin Medium in DNA Master. Particular weight was given to criterion (b), with start 
codons located behind the increase in coding potential significantly penalized. All of a gene’s 
start codons were scored in this manner, and the s with the highest score was chosen. 
Putative protein function was inferred from searches of the NCBI nonredundant (nr) 
protein database with BLASTP (blast.ncbi.nlm.nih.gov), searches of the NCBI Conserved 
Domain Database (CDD) (ncbi.nlm.nih.gov/Structure/cdd) with CD-Search (Marchler-Bauer et 
al., 2009), and searches of UniProtKB with HMMer (hmmer.org), using an E-value cutoff of 1 × 
10−3 for all three. The result with the lowest E-value that was not a “hypothetical protein” was 
chosen as the putative function. In some instances, putative function was assigned by synteny 
(applicable to structural proteins and tail assembly proteins). Transmembrane domains were 
identified with TMHMM (Krogh et al., 2001) and tRNAs with Aragorn (Laslett and Canback, 
2004) and tRNAScan (Lowe and Eddy, 1997).  
Percent average nucleotide identity (ANI) between genomes was obtained by performing 
a multiple alignment using ClustalW (Thompson et al., 1994) in Geneious, using the IUB cost 
matrix and default settings. Dot plots were made with Gepard 1.30 (cube.univie.ac.at/gepard) 
(Krumsiek et al., 2007). Gene content analysis was performed by grouping phage proteins into 
phams with Phamerator using the default (recommended) settings (Cresawn et al., 2011) and the 
results were visualized with SplitsTree (Huson and Bryant, 2006). Phage genome maps were 
generated with Phamerator using the “Align Two Sequences” algorithm of BLASTN and default 
window and step size, with an E-value cutoff of 1 × 10−4 (Cresawn et al., 2011). Proteins 
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phylogenies were constructed by aligning their amino acid sequences using TranslatorX v1.1 
(translatorx.co.uk) (Abascal et al., 2010) and Muscle v3.8.31 (Edgar, 2004). The best-fit amino 
acid substitution model was identified using a hierarchical scheme and tested using the Bayesian 
Information Criterion (Akaike, 1994) as implemented in jModelTest2 (Darriba et al., 2012). 
Phylogenies were then inferred using a Bayesian inference framework implemented in MrBayes 
v3.2.6 with two independent runs of 20 million generations each and a sampling frequency of 
1000 generations (Ronquist et al., 2012). The first 5000 samples were discarded, and 
convergence and mixing were evaluated using the average standard deviation of split frequencies 
and visually inspecting the traces in Tracer v1.6.0 (tree.bio.ed.ac.uk/software/tracer). Trees were 
midpoint rooted (Farris, 1972) and visualized with FigTree (tree.bio.ed.ac.uk/software/figtree). 
 
Results 
Phage Sources and Geographical Origin  
The phages’ isolation source, geographical origin, isolating institution, year isolated and 
published, and GenBank accession number are listed in Table 1. For prophages, the geographical 
origin is that of the isolating institution. All but two of the phages (phiIBB_Pl23 from Portugal, 
HB10c2 from Germany) were isolated in the United States. Of these, 25 were isolated by the 
BYU Phage Hunters class, 13 were isolated at UNLV, 7 at North Carolina State University in 
Raleigh, NC, and one at the University of Iowa (phage PBL1c). UNLV phages Harrison, Hayley, 
Halcyone and Heath were isolated from soil underneath healthy beehives in the Las Vegas area. 
Phages Vadim, Vegas, and Scottie were isolated from beeswax-containing commercial products 
(Burt’s Bees) purchased in Las Vegas. Phage Diane was isolated from an American Type 
Culture Collection (ATCC) culture isolated from an infected bee by White et al. in 1906 (White,  
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Table 1: Source information for all published P. larvae phages. Phages are grouped by the institution 
responsible for isolating the phage, followed by alphabetic order. 
 Isolation Source Geographical Origin Institution Year Isolated/ Published GenBank Accession no. 
PBL1c Prophage Iowa City, IA U. of Iowa 1984/2018 MG727698 
phiIBB_Pl23 Prophage Braga, Portugal Univ. do Minho 2013 KF010834 
HB10c2 Dead larva Celle, Germany TUB 2015 KP202972 
Diva Honeycomb North Carolina NCSU 2015 KP296791 
Lily Honeycomb North Carolina NCSU 2015 KP296792 
Redbud Honeycomb North Carolina NCSU 2015 KP296794 
Rani Honeycomb North Carolina NCSU 2015 KP296793 
Shelly Honeycomb North Carolina NCSU 2015 KP296795 
Sitara Honeycomb North Carolina NCSU 2015 KP296796 
Tripp Honeycomb North Carolina NCSU 2016 KT755656 
Diane 1 Prophage Ohio/Las Vegas, NV UNLV 2013/2015 KT361657 
Fern 2 Prophage Germantown, MD UNLV 2013/2015 KT361649 
Harrison Soil Las Vegas, NV UNLV 2013/2015 KT361651 
Hayley Soil Las Vegas, NV UNLV 2013/2015 KT361655 
Paisley Soil Pennsylvania UNLV 2013/2015 KT361653 
Vadim 3 Lip balm Las Vegas, NV UNLV 2013/2015 KT361656 
Vegas 3 Lip balm Las Vegas, NV UNLV 2013/2015 KT361654 
Willow Soil Bremerton, WA UNLV 2013/2015 KT361650 
Xenia Infected larva Germantown, MD UNLV 2013/2015 KT361652 
Halcyone Soil Las Vegas, NV UNLV 2013/2018 MH460827 
Heath Soil Las Vegas, NV UNLV 2013/2018 MH460826 
Scottie 3 Hand cream Las Vegas, NV UNLV 2013/2018 MH460825 
Unity Beehive Las Vegas, NV UNLV 2014/2018 MH460824 
Arcticfreeze Bee sample Idaho BYU 2016/2018 MH431932 
Ash Prophage Provo, UT BYU 2014/2018 MH454076 
Bloom Bee debris Spanish Bottom, UT BYU 2015/2018 MH454077 
BN12 Bee debris Cedar City, UT BYU 2014/2018 MG727695 
C7Cdelta Bee sample Cedar City, UT BYU 2014/2018 MH431938 
DevRi Bee debris Spanish Fork, UT BYU 2015/2018 MH431933 
Dragolir Bee debris Wisconsin BYU 2014/2018 MG727697 
Eltigre Bee debris South Jordan, UT BYU 2014/2018 MH454078 
Honeybear Feral bees Farmington, UT BYU 2014/2018 MH431935 
Genki Bee debris Orem, UT BYU 2014/2018 MH454082 
Gryphonian Bee debris Orem, UT BYU 2014/2018 MH431934 
Jacopo Infected hive Portland, OR BYU 2016/2018 MH454079 
Kawika Dead bees Provo, UT BYU 2015/2018 MH431936 
Kiel007 Bee debris Salt Lake City, UT BYU 2014/2018 MG727696 
Ley Prophage Provo, UT BYU 2014/2018 MH454080 
Leyra Bee debris Idaho BYU 2015/2018 MG727701 
Likha Honeycomb American Fork, UT BYU 2016/2018 MG727702 
LincolnB Bee debris Brigham City, UT BYU 2014/2018 MH454081 
Lucielle Dead bee Idaho BYU 2015/2018 MH431937 
Pagassa Prophage Provo, UT BYU 2014/2018 MG727699 
Saudage Bee debris Lehi, UT BYU 2014/2018 MH454083 
Tadhana Prophage Provo, UT BYU 2014/2018 MG727700 
Toothless Bee debris West Jordan, UT BYU 2014/2018 MH454084 
Wanderer Bee debris Wisconsin BYU 2014/2018 MH431930 
Yerffej Bee debris Wisconsin BYU 2014/2018 MH431931 
1Lysogenic phage from ATCC culture 25747 isolated in Ohio by White from an infected bee. 
2Lysogenic phage from P. larvae wild strain 2231 isolated from an infected larvae scale. 
3Isolated from commerical products purchased in Las Vegas, NV. 
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1906). The BYU phages were isolated by students from either bee debris or lysogens, thus the 
majority, but not all, of these phages are from Utah. Phage PBL1c was isolated in 1984 at the 
University of Iowa by Dingman et al. (Dingman et al., 1984) and was sequenced in 2018 at 
BYU. 
 
P. larvae Phage Systematics 
We grouped P. larvae phage genomes into clusters using the four approaches in (Hatfull 
et al., 2010). These are: average nucleotide identity (ANI), gene content similarity, dot plot 
similarity, and pairwise genome alignment with BLASTN.  
 
Genome Clustering by ANI 
Phages were placed into a cluster if they had greater than 60% ANI with at least one 
other phage in that cluster (Hatfull et al., 2010). Phages were placed into a subcluster if they had 
greater than 90% ANI with at least one other phage in that subcluster. Because of the large 
number of phages, the full ANI distance matrix is large (48 × 48), and we have thus selected a 
“representative” phage from each subcluster to demonstrate the ANI matrix. The 
“representative” phage for each subcluster is chosen as the phage with the highest average ANI 
to all other phages in its subcluster. Singletons (phages that do not belong to a cluster or 
subcluster) are treated as representatives of their own subcluster. The ANI distance matrix for 
representative phages is shown in Figure 3, while the full ANI distance matrix is included as 
Supplementary Figure S1. 
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There are several instances of phages with ANI > 99.9% to each other (i.e., differ by 40 
or less base pairs). The criterion we used to determine whether to publish such phages as 
separate is whether the differences between their nucleotide sequences produce differences in the 
corresponding gene products’ amino acid sequences (i.e., phenotypic differences). If that was the 
case, the phages were published as distinct phages. If not, one of the phages was selected for 
publication and the other was not published. We found that phages with ANI > 99.975% (i.e., no 
more than 10 bases different out of 40,000) were phenotypically identical, the sole exceptions to 
this being phages Fern and Willow (ANI = 99.995%, Figure S1) and Diane, Vadim and Vegas 
(ANI = 99.989%, Figure S1). On the other hand, if the ANI between two phages was less than 
99.975%, this resulted in at least one phenotypic difference. 
 
 
Figure 3: Clusters of P. larvae phage genomes determined by average nucleotide identity. 
 
 
Rather than an alphanumeric scheme for naming clusters and subclusters, as used 
previously (Stamereilers et al., 2016), we named clusters and subclusters after their 
representative phage, which will allow for easy expansion of clusters should the number of 
clusters increase to more than 26. By far the largest cluster is the first cluster on the left in Figure 
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3, named after phage Fern. This cluster contains 30 of the 48 sequenced P. larvae phage 
genomes (Figure S1) and consists of four subclusters (Fern, Rani, DevRi, Xenia) and six 
singletons. The Fern subcluster is the largest subcluster, containing phages Pagassa, Tadhana, 
Honeybear, Toothless, Fern, Willow, Lucielle, Saudage, BN12 and Kawika (Figure S1), all of 
which were isolated at BYU or UNLV. The Rani subcluster contains phages Kiel007, Redbud, 
Rani, Eltigre and HB10c2. The DevRi subcluster contains phages Arcticfreeze, DevRi, Bloom, 
Jacopo, Genki, and Gryphonian. This subcluster is extremely tight, as all phages in it have >98% 
ANI with each other. The Xenia subcluster contains phages Xenia, Shelly, and Leyra. Phages 
Likha, phiIBB_Pl23, Yerffej, Sitara, Diva and PBL1c are singletons within the Fern cluster, 
although PBL1c falls just short of the 90% cutoff for inclusion into the Xenia subcluster. 
The Harrison cluster consists of phages Harrison and Paisley (Figure S1), while the 
Vegas cluster consists of a very tight subcluster that contains phages Diane, Hayley, Vadim and 
Vegas, the singleton phage Dragolir and the LincolnB subcluster consisting of phages LincolnB 
and Wanderer. The Vegas and LincolnB subclusters are sufficiently different that they would 
form separate clusters, however as phage Dragolir has >60% ANI with members of both 
subclusters, it joins the two subclusters together into a single cluster. 
Phage Lily is a singleton, with less than 50% ANI with any other P. larvae phage 
genome. The Halcyone cluster contains all the DTR phages, and is comprised of the the Ash 
subcluster consisting of the BYU phages Ash, C7Cdelta and Ley, the Halcyone subcluster, 
consisting of UNLV phages Halcyone, Heath, Scottie and Unity, while phage Tripp from North 
Carolina is a singleton within the cluster. Phage genomes in Halcyone cluster show less than 
30% ANI with all other P. larvae phage genomes. By comparison, a ClustalW alignment on two 
75 
 
randomly generated 40 kbp DNA sequences produces 40% ANI. Phages in the Halcyone cluster 
are thus very distant from all other P. larvae phages. 
From these results, it is apparent that geographic origin is not correlated with genome 
sequence similarity. There are multiple instances of phages from widely different locations 
having very high ANI (e.g., phages Xenia and Shelly, phages Fern and Willow, phages Diane 
and Vegas, and phages Redbud and Kiel007 all have >99.5% ANI with each other). Even phages 
from different continents are found in the same subcluster (e.g., HB10c2 and Kiel007, Rani or 
Redbud). On the other hand, phages from the same location and even the same isolation source 
can be very dissimilar from each other (e.g., phages Diva, Lily and Tripp from North Carolina, 




Figure 4: Clustering of P. larvae phage genomes based on shared gene content. Genomes were scored for 
shared gene content using Phamerator and graphed using SplitsTree4. Colored circles indicate the 
assignment of phages to clusters based on genomic nucleotide content, with blue for the Fern cluster, 





Figure 5: Dot plot of all 48 P. larvae phage genomes. Phages are grouped into clusters if they have 
>50% contiguous dotplot similarity with each other. Phage clusters are highlighted in color, with 
blue for the Fern cluster, yellow for the Harrison cluster, green for the Vegas cluster, orange for Lily, 





Phage Clustering by Shared Gene Content Analysis 
Due to the high degree of horizontal gene transfer between phages, construction of 
phylogenetic trees of complete phage genomes is not appropriate, but an alternative approach is 
to cluster phage genomes by scoring them based on whether they contain a member of each of 
the protein phams and visualize the results with SplitsTree (Huson and Bryant, 2006), shown in 
Figure 4. Phage genomes were grouped into clusters based on branch length. The clusters 
generated with this method are identical with the clusters generated by ANI. The complete list of 
all P. larvae phage protein phams and their members is given in Supplementary Table S1. 
The low degree of gene content similarity between the Halcyone cluster and the other P. 
larvae phages is reflected by the relatively long length of the Halcyone cluster branch. The high 
degree of gene content similarity within the Fern and Harrison clusters is reflected by the short 
branches with those clusters. The large Fern and DevRi subclusters within the Fern cluster are 
clearly visible. On the other hand, the heterogeneity of the Vegas cluster is reflected by the 
greater branch length within that cluster. 
 
Phage Clustering by Contiguous Dot Plot Identity 
A third way of grouping phages is using dot plots, with phages having >50% contiguous 
dot plot identity with at least one other phage grouped into the same cluster (Hatfull et al., 2010). 
A dot plot of all 48 P. larvae phage genomes is shown in Figure 5. Clusters are highlighted by 
color, with blue for the Fern cluster, yellow for the Harrison cluster, green for the Vegas cluster, 
orange for Lily, and red for the Halcyone cluster. 
The clusters generated by dot plot similarity are identical with those generated by ANI 




Figure 6: Pairwise genome maps genomes generated with Phamerator. Boxes represent genes, with 
boxes of the same color indicating genes in the same pham. Genes in a pham of their own (orphams) 
are uncolored. Shaded areas between genomes indicate regions of high nucleotide sequence 
similarity between phages as determined by BLASTN, with purple indicating the highest degree of 
similarity (E-value = 0), and red the lowest (E-value = 1 × 10−4). 
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and all other P. larvae phage genomes, but fairly high genome conservation within that cluster. 
The Fern cluster phages all have a high degree of genome conservation with each other, 
particularly at the front and rear of the genome, with the middle of the genome being sometimes 
divergent. The front end of the genome is conserved across phages in the Fern, Harrison and 
Vegas clusters, while the rear of the genome is conserved between Lily and the Fern cluster. 
Phages within the Vegas cluster all have at least 50% contiguous dot plot similarity with each 
other, despite this cluster being the most heterogeneous. 
 
Phage Clustering with Pairwise Phage Genome Maps 
Another way to represent the relationships between phages and group them into clusters 
is with pairwise genome map comparisons (Hatfull et al., 2010). Genome maps generated with 
Phamerator are shown in Figure 6. Purple shading indicates areas of genome sequence similarity 
between two phage genomes with E-value 0 as determined by the BLASTN “Align Two 
Sequences” (bl2seq) program. Other colors indicate sequence similarity with higher E-value,  
with red indicating sequence similarity at the cutoff E-value of 1 × 10−4 (Farris, 1972). We 
grouped phages into the same cluster if they had greater than 50% BLASTN sequence similarity 
with each other. Pairwise genome maps are especially useful for showing regions of divergence 
among similar phages, possible instances of horizontal gene transfer, or gene loss. Regions of 
high similarity within larger regions of low similarity are indicative of horizontal gene transfer. 
The clusters produced with pairwise genome maps are identical with those of the 
previous three methods. Within the Fern cluster, approximately the first third of the genome is 
conserved among all phages in the cluster, while the rear third of the genome is also generally 
conserved, with the middle region varying between phages in different subclusters. Phage 
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Toothless appears to be missing two genes present in phages Honeybear and Pagassa. There 
appears to be an instance of horizontal gene transfer between phages Kawika and Kiel and 
phages philIBB_Pl23 and Yerffej in the middle of their genomes. Phage Fern appears to have a 
region of divergence towards the rear of the genome with the otherwise highly similar phage 
Tadhana. There are several instances of this phenomenon within the Fern subcluster. Phage 
HB10c2 appears to be missing a region present in phages Eltigre and Arcticfreeze. Phages 
Harrison and Paisley differ by only one gene located towards the rear of the genome. In the 
Vegas subcluster, phage Hayley is missing two genes found in Diane, Vadim and Vegas but is 
otherwise highly similar to them. Phage Dragolir is approximately 60% similar with the phages 
in the Vegas subcluster, and serves as a link between the Vegas subcluster and phages LincolnB 
and Wanderer, as in Figure S1. Interestingly, there appears to be an instance of horizontal gene 
transfer between phage Lily and phages Wanderer and LincolnB. The phages within the 
Halcyone cluster are all fairly similar to one another, with Tripp being the most divergent. Phage 
Unity appears to be missing a region found in phages Halcyone, Heath, and Scottie.  
 
P. larvae Phage Genome Characteristics 
The key characteristics of the P. larvae phage genomes are listed in Table 2. These are 
genome length, GC content, DNA packaging strategy, number of genes, gene density (genes per 
1 kbp), coding fraction, and cluster they belong to. For the UNLV phages Diane, Fern, Harrison, 
Hayley, Paisley, Vadim, Vegas, Willow and Xenia, the number of genes differs from previous 
work (Stamereilers et al., 2016; Tsourkas et al., 2015) because the genome annotation of these 
phages was revised with the updated protocol used to annotate the more recently published 
phages. This also applies to phages phiIBB_Pl23, HB10c2, Diva, Rani, Redbud, Shelly, Sitara, 
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Lily and Tripp (Abraham et al., 2016; Beims et al., 2015; Carson et al., 2015; Oliveira et al., 
2013), which were annotated and published by their respective groups, but were re-annotated by 
our group using our annotation protocol for the purposes of this paper for consistency. 
The length of P. larvae phage genomes ranges from a minimum of 35,644 bp (HB10c2) 
to a maximum of 56,468 (Ash). The majority of genomes (40 of 48) are in the 35–45 kbp range. 
All phages in the Fern, Harrison, and Vegas clusters have genomes in the 35–45 kbp range and 
use the 3′ cohesive ends (cos) DNA packaging strategy with 9 bp overhangs. The singleton 
phage Lily (~45 kbp) uses the 5′ cohesive ends DNA packaging strategy with 12 bp overhangs 
(Carson et al., 2015). The phages in the Halcyone cluster all have genomes in the 50–56 kbp 
range and use the Direct Terminal Repeat (DTR) DNA packaging strategy, with DTRs either 377 
or 378 bp in length. These phages also have a higher GC content than the 3’ and 5’ cohesive ends 
phages. Coding fraction was calculated by summing all coding gaps, subtracting that from 
genome length, and dividing the result by genome length. All P. larvae phage genomes are ~90–
95% coding, with the Vegas subcluster phages being the most highly coding (94.5%), and phage 








The distribution of genome length is shown in Figure 7a, and is clearly bimodal. The 
distribution of the number of genes in P. larvae phage genomes is shown in Figure 7b. The 
number of genes ranges from 58 (HB10c2) to 91 (Scottie), with a median of 72 genes per 
genome. 
We also calculate gene density (genes per 1000 bp) of P. larvae phage genomes. The 
number of genes as a function of genome length is plotted in Figure 8. The most gene-dense 
phages are in the Vegas subcluster (Diane, Hayley, Vadim, Vegas), while phage Unity is the 
least gene dense. The genomes of the Vegas subcluster phages are so gene-dense that they have 
more genes than the genome of phage Unity, even though the latter is longer. The correlation 
coefficient between the number of genes and genome length is 0.93, with a p-value of 0. A linear 
regression model fitted to the data predicts a relationship of the form y = 1.44x + 10.5, where y 
is the number of genes and x the genome length in thousands of base pairs, with p-value 0. The 
number of genes thus scales linearly with genome size. This data can be used in future to check 
newly annotated genomes for gene overcalling (many false positives) or undercalling (many 
false negatives). 
A total of 3462 genes were identified in the 48 P. larvae phage genomes. The distribution 
of P. larvae phage gene length is shown in Figure 9. The distribution is highly non-normal, 
strongly right-tailed, with significant outliers. The longest identified gene is 3705 bp, the shortest 
75 bp, with a median gene length of 375 bp. Nine genes longer than 3000 bp were identified, and 






Figure 8: Number of genes in P. larvae phage genomes as a function of genome length. The number 









P. larvae Phage Functional Genomics 
Statistically significant (E-value < 1 × 10−3) homology matches were found for over 90% 
of P. larvae phage proteins with BLAST, HMMer, and CD-Search. A homology match to a 
protein with putative or known function was found for 1921 (~55%) P. larvae phage proteins. 
Gene products of representative phages from each cluster that have at least one statistically 
significant homology match to a protein with either putative or known function are shown in 
Table 3. Cells are colored according to protein function. We classify phage genes into seven 
functional categories: (1) virion particle (teal); (2) virion assembly (burgundy); (3) host lysis 
(violet); (4) DNA replication/metabolism (tan); (5) gene regulation, including putative 
transcription factors (green); (6) host-related functions (yellow); and (7) tRNAs (grey). Gene 
products whose function cannot be classified into these six categories due to insufficient or 
conflicting information are left uncolored. Instances of two or more unrelated functions with 
equally statistically significant matches are marked with a footnote, with the more plausible 
function listed in the table, and the less plausible function listed in the footnotes at the end of the 
table. The complete version of Table 3 (all phages) is given in Supplementary Table S2. Gene 
products with the following functions were identified in all P. larvae phage genomes: (1) large 
terminase; (2) portal protein; (3) major capsid protein; (4 & 5) two tail assembly proteins; (6) tail 
tape measure protein; (7) N-acetylmuramoyl-L-alanine amidase; (8) a putative holin; and (9) 
several tail proteins. In addition, we identified at least one non-identical antirepressor in every 
genome. Although the overwhelming majority of homology matches were to P. larvae proteins, 






Proteins involved in phage assembly include the small and large terminase, Clp proteases, 
and two tail assembly proteins. Genes coding for these functions were identified in most P. 
larvae phage genomes. In some genomes a capsid maturation protease or scaffolding protein was 
identified. Assembly genes are located at the front of the genome. The small and large terminase 
are usually the first two genes in the genome, with the large terminase located downstream of the 
small terminase. A large terminase has been identified in all P. larvae phage genomes, but a 
small terminase was not identified in the Halcyone cluster phages. In several genomes, the small 
terminase was identified by synteny, when a 300-bp gene was found immediately upstream of 
the large terminase. All tail assembly proteins were also found by synteny, as none had 
homology matches to known tail assembly proteins. However, it is known that most Siphoviridae 
have two tail assembly proteins located between the major tail protein and the tail tape measure 
protein (Xu et al., 2004; Xu et al., 2013). Given that a tail tape measure protein was identified in 
all P. larvae phage genomes, and a major tail protein in almost all genomes, and that in all such 
instances there are only two genes between the major tail protein and the tape measure protein, 
we assigned tail assembly function to these two genes. This was further confirmed when we 
identified a translational frameshift between these genes, as is commonly found in tailed 
bacteriophages (LeBlanc et al., 2015; Merrill et al., 2018; Xu et al., 2004; Xu et al., 2013; Yost 
et al., 2018). 
 
Structural Genes 
Structural genes are all located at the front end of the genome in all P. larvae phage 
genomes, comprising the majority of the first 20 genes in the genome. It is likely that genes of 
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unknown function located in the front end of the genome have either structural or assembly 
function. We identified a portal protein, a major capsid protein, a tail tape measure protein, and 
several tail proteins in every P. larvae phage genome. The tail tape measure protein is encoded 
by the longest gene in the genome in all of the phages, ranging in length between 2514 bp (Lily) 
to 3705 bp (Harrison and Vegas clusters). Structural genes are conserved within clusters, 
however no structural gene is conserved across all clusters. The phams in which the portal 
protein, major capsid protein, and tape measure protein are distributed, and the pham members 
are given in Table 4. Each of these three proteins is distributed in four phams. The portal protein 
and major capsid proteins are identically distributed, with one pham containing the Fern cluster, 
Harrison cluster, and four of the seven members of the Vegas cluster, one pham containing 
phages Dragolir, LincolnB and Wanderer, one pham consisting of phage Lily only, and one 
pham consisting of the DTR phages (Halcyone cluster). For the tape measure protein, one pham 
consists of the Fern cluster, one pham consists of the Harrison and Vegas clusters, one pham 
consists of phage Lily only, and one pham consists of the Halcyone cluster. 
In a previous study of the Enterobacteriaceae phages, temperate phage nature correlated 
strongly with major capsid protein (MCP) matches in bacterial chromosomes (Casjens and 
Grose, 2016). A TBLASTN study of the MCP from each of the representative phages supported 
a temperate nature in that each had a >70% amino acid identity (AAI) match in a bacterial 






Table 4: Pham distribution and composition of the portal protein, major capsid protein, and tape 
measure protein. Entries in boldface indicate clusters, with the number of phages in the cluster in 
parentheses. 























Lily Halcyone (8) 
Tail tape 
measure Fern (30) 
Harrison (2) 
Vegas (6) Lily Halcyone (8) 
 
 
Table 5: Best TBLASTN match of selected P. larvae phage major capsid proteins to Paenibacillus 
larvae phage major capsid proteins in bacterial chromosomes. 
Phage Best TBLASTN bacterial match Accession # E-value (AAI) 
Fern Paenibacillus larvae subsp. larvae strain Eric I CP019651 0.0(87%) 
Harrison Paenibacillus larvae subsp. larvae strain Eric I CP019651 0.0(100%) 
Vegas Paenibacillus larvae subsp. larvae strain Eric I CP019651 0.0(100%) 
Dragolir Paenibacillus formosus strain NF2  CP018145 0.0(72%) 
Lily Paenibacillus larvae subsp. larvae strain Eric IV  CP019659 0.0 (99%) 
Halcyone Paenibacillus larvae subsp. larvae strain Eric IV CP019659 0.0 (100%) 
 
 
Host Lysis Genes 
All P. larvae phage are lytic in vitro, including those isolated from prophages such as 
Diane, PBL1c, and Xenia. Tailed phages lyse their host by means of a holin/amidase cassette 
consisting of a hydrophobic holin protein that punctures the host’s inner plasma membrane and a 
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hydrophilic amidase that cleaves the host peptidoglycan wall (Wang et al., 2000; Young, 1992; 
Young et al., 2000). A N-acetylmuramoyl-L-alanine amidase has been identified in all P. larvae 
phage genomes. This is the most studied P. larvae phage protein, being the subject of at least two 
studies, and the only P. larvae phage protein whose function has been experimentally verified 
(LeBlanc et al., 2015; Oliveira et al., 2015). It is the chief gene responsible for lysing P. larvae, 
by cleaving its peptidoglycan cell wall (LeBlanc et al., 2015; Oliveira et al., 2015).  
A putative holin was identified in all P. larvae phage genomes immediately upstream of 
the N-acetylmuramoyl-L-alanine amidase. In most genomes this gene forms an operon with the 
N-acetylmuramoyl-L-alanine amidase. This gene also has strong homology matches to 
bacteriocin function. The N-acetylmuramoyl-L-alanine amidase and putative holin are both 
distributed in two phams, with the 40 cohesive ends phages in one pham, and the eight DTR 
phages in the other. All P. larvae phage genomes except those in the Halcyone group also 
encode an additional protein with putative holin function either immediately downstream of the 
N-acetylmuramoyl-L-alanine amidase or two genes downstream. This protein is of the same 
length as the putative holin located upstream of the N-acetylmuramoyl-L-alanine amidase, but 
also has homology matches to transposase function. Both putative holins have transmembrane 
domains as predicted by TMHMM and this together with their location in the genome (especially 
the upstream holin that forms an operon with the N-acetylmuramoyl-L-alanine amidase) strongly 
suggests they may have holin function.  
Phages in the Fern and Vegas clusters also encode a protein near the end of the genome 
that has homology matches to tranglycosylase function. Transglycosylases, also known as 
glycosyltransferases, cleave glycosidic bonds in the host glycan, and are thus used by phages for 
host lysis (Nelson et al., 2012; Payne and Hatfull, 2012). However the E-value of the homology 
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matches for this protein are only of the order of 1 × 10−6, and this gene thus requires further 
investigation. 
 
DNA Replication and Metabolism Genes 
All P. larvae phage genomes contain numerous genes with putative functions related to 
DNA replication and metabolism. These include transposases, integrases, endonucleases, 
excisionases, methyltransferases, and others. This is by far the largest and most diverse 
functional category. An integrase has been identified in all but four P. larvae phage genomes, 
suggesting that most if not all of these phages possess lysogenic ability. The exceptions are 
phages Halcyone, Heath, Scottie, and Unity, in whose genomes an integrase was not identified. 
The majority of P. larvae phage genomes also encode at least one transposase, with some phages 
having multiple different transposases. In addition, many P. larvae phages genomes encode an 
excisionase in the middle of the genome and a HNH endonuclease at the very end of the genome. 
None of the DNA replication/metabolism genes are found in all genomes or conserved across 
clusters, and are often not conserved even within clusters. 
 
Regulatory Genes 
All P. larvae phage genomes contain genes that regulate gene expression, whether in the 
host or the phage itself. These include XRE (xenobiotic response element), Cro/Cl, AbrB 
(ambiactive repressor) and ArpU (autolysin regulatory protein) family transcriptional regulators. 
In addition, all phages encode one or more different antirepressors. Many regulatory proteins, in 
particular the XRE-family transcriptional regulators, contain a helix-turn-helix domain. 
However, little is known about the function of these proteins in the P. larvae phage life cycle. 
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Regulatory genes are the least conserved genes in P. larvae phage genomes, with no regulatory 
gene found in all genomes, or conserved across or within clusters. 
 
Host-Related Genes 
P. larvae phage genomes encode a variety of host-related proteins, such as toxins, ABC 
transporters, stress proteins, metallo-hydrolases, toxin–antitoxin systems, and others. Host-
related genes are highly heterogeneous with none of these genes widespread among P. larvae 
phage genomes. The sole exception is a toxin–antitoxin system found in all genomes except Lily. 
The toxin–antitoxin system, while widespread, is not conserved, being distributed into several 
phams. In some genomes the HicA toxin gene is located in front of the HicB antitoxin gene, 
while the opposite is true in other genomes. 
 
tRNA Genes 
A single tRNA gene was found in the genome of phage Dragolir. This is a tRNA-Pro(tgg) 
gene coding for a tryptophan tRNA. No tRNA genes were identified in any other P. larvae phage 
genome.  
 
Comparative Analysis of P. larvae Large Terminase and DNA Packaging Strategy 
As the protein responsible for packaging newly produced phage genomes into empty 
capsids, the large terminase (LT) is central to the P. larvae phage life cycle. A large terminase 
has been identified in every P. larvae phage genome, but there are only 10 distinct large 
terminases, as many closely related phages have identical large terminases. We constructed a 
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multiple alignment of the 10 distinct P. larvae phage large terminases, and the resulting amino 
acid sequence identity (AAI) distance matrix and phylogenetic tree shown in Figure 10. The full 
AAI distance matrix of all 48 P. larvae phage large terminases is included as Supplementary 
Figure S2.  
The 10 distinct P. larvae phage large terminases are distributed in four phams, in a 
manner identical to the portal protein (Table 4), with which the large terminase forms an operon. 
LT pham 1, the largest pham, consists of the large terminases of the phages in the Fern and 
Harrison clusters, and phages Diane, Vadim, Vegas and Hayley, LT pham 2 consists of the large 
terminases of phages Dragolir, Wanderer and LincolnB, LT pham 3 consists of the large 
terminase of phage Lily, and LT pham 4 consists of the large terminases of the Halcyone cluster.  
The large terminases in LT pham 1 all have >98% AAI with each other (Supplementary 
Figure S2). Of the 30 phages in the Fern cluster, 23 share an identical large terminase, 
represented in Figure 10 by Fern. The large terminase shared by phages Tadhana, Honeybear, 
and Toothless differs by one amino acid from the large terminase of Fern but is of the same 
length (574 aa), implying a silent point mutation. Similarly, the large terminase of phages 
Bloom, Genki and Gryphonian also differs from that of Fern by a single amino acid (albeit a 
different one than the large terminase of Tadhana). Phages BN12, Diane, Hayley, Harrison, 
Paisley, Vadim and Vegas (represented by Vegas in Figure 10) share an identical large terminase 
that differs by 10 amino acids from those of the Fern cluster. The presence of phage BN12, a 
Fern cluster phage, in this group is unexpected, as this phage has more than 90% ANI with 
phages in the Fern cluster and less than 50% ANI with phages in the Harrison and Vegas 
clusters, yet its large terminase is identical to that of the Harrison and Vegas cluster phages. 
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LT pham 2 consists of the large terminase shared by phages Dragolir, LincolnB and 
Wanderer, which is considerably shorter (530 aa) than and highly divergent from the large 
terminases of LT pham 1. This is despite the fact that phages Dragolir, LincolnB and Wanderer 
use the same DNA packaging strategy as the phages in LT pham 1 (3′ cohesive ends) and are in 
the same cluster with the Vegas subcluster phages. It is thus apparent that the large terminase 
amino acid sequence does not align DNA packaging strategy or cluster assignment based on 
whole-genome sequence similarity. Phages within the same cluster can have dissimilar large 
terminases (e.g., Vegas and Dragolir), while phages in different clusters may have very similar 
large terminases (e.g., Fern and Vegas). Additionally, phages with the same DNA packaging 
strategy may have highly divergent large terminases (e.g., Fern and Dragolir). 
LT pham 3 consists of the large terminases of the Halcyone cluster. This pham consists of 
four distinct large terminases, which are all of the same length (594 aa) and are overall highly 
similar to one another (greater than 97% AAI). These large terminases are longer than and have 
only ~12% AAI with the large terminases of LT pham 1 and LT pham 2. Low AAI is expected, 
as these phages use the DTR DNA packaging strategy.  
LT pham 4 consists of the large terminase of phage Lily, an outlier that has less than 10% 
AAI with any other P. larvae phage large terminase. This value is lower than even the percent 
AAI between the large terminase of P. larvae phages and the large terminase of phages from 
different hosts (e.g., Mycobacterium, Brevibacillus). This is somewhat unexpected, as phage Lily 
uses the 5′ cohesive ends DNA packaging strategy, and we would expect it to have a large 








Figure 10: Amino acid sequence identity (AAI) distance matrix of the 10 distinct P. larvae phage 
large terminases (a) and corresponding phylogenetic tree (b). Large terminases are distributed into 
four phams, with each pham in the phylogenetic tree highlighted in a different color. LT pham 1 
(Fern and Harrison clusters, Diane, Hayley, Vadim, Vegas) is highlighted in blue, LT pham 2 
(Dragolir, LincolnB, Wanderer) in green, LT pham 3 (Halcyone cluster) in red, and LT pham 4 
(Lily) in orange. Phages in LT pham 1 and LT pham 2 (blue and green, respectively) use the 3′ 
cohesive ends DNA packaging strategy, while phages in the LT pham 3 (red) use the direct terminal 





Large terminase phams are highlighted in different colors in the phylogenetic tree (Figure 
10b), with LT pham 1 in blue, LT pham 2 in green, LT pham 3 in ref, and LT pham 4 in 
yellow.The high similarity of the large terminases of the 3′ cohesive ends phage (with the 
exception of the Dragolir subcluster) is reflected by the short branch lengths in that section of the 
tree (blue). Similarly, the high similarity of the DTR phage large terminases is reflected in the 
very short lengths in their region of the tree (red), while the highly divergent large terminase of 
Lily has the longest branch length. 
 
Comparative Analysis of P. larvae Major Capsid Protein and P. larvae Phage  
Morphology 
The major capsid protein is the primary component of the phage capsid and is often used 
to classify phages, as it is generally conserved between similar phages. A major capsid protein 
was identified in every P. larvae phage genome, with 12 distinct major capsid proteins. The AAI 
distance matrix and corresponding phylogenetic tree of the 12 distinct P. larvae phage major 
capsid proteins is shown in Figure 11. The full AAI distance matrix of all 48 P. larvae phage 
major capsid proteins is included as Supplementary Figure S3.  
The 12 distinct P. larvae phage major capsid proteins are distributed in four phams, in a 
manner identical to the large terminase and portal protein (Table 4). MCP pham 1, the largest 
pham, contains the large terminases of the phages in the Fern and Harrison clusters, and phages 
Diane, Vadim, Vegas and Hayley, MCP pham 2 consists of the major capsid protein of phages 
Dragolir, Wanderer and LincolnB, MCP pham 3 consists of the major capsid proteins of the 
phages in the Halcyone cluster, and MCP pham 4 consists of phage Lily.  
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In MCP pham 1, Fern cluster phages (except phage Redbud) have one of five distinct 
major capsid proteins, all of which are highly similar to each other (>99% AAI). This points to 
the occurrence of point mutations in P. larvae phage major capsid proteins. Phages Harrison and 
Paisley (Harrison cluster), Diane, Hayley, Vadim and Vegas (Vegas cluster) have an identical 
major capsid protein, which has 87% AAI with those of the Fern cluster, and is thus in the same 
pham. The high mutual similarity of the major capsid proteins in MCP pham 1 is reflected in the 
branch lengths in Figure 11b. An outlier in this pham is phage Redbud, whose major capsid has 
only 81% AAI with the Fern cluster major capsid proteins, even though it has >99% ANI with 
phages Rani and Kiel007 in the Fern cluster. 
MCP pham 2 consists of the major capsid protein of Phages Dragolir, LincolnB and 
Wanderer. This major capsid protein is very divergent from the major capsid proteins in MCP 
pham 1 (11% AAI on average), even though these three phages have ~60% ANI with phages in 
the Vegas cluster. It thus appears that phages in different clusters can have similar major capsid 
proteins (e.g., Fern and Harrison), but phages in the same cluster can have very dissimilar major 
capsid proteins (e.g., Vegas and Dragolir).  
MCP pham 3 consists of the major capsid protein of the phages in the Halcyone cluster. 
This pham consists of 3 distinct major capsid proteins, all with >94% AAI to each other. The 
major capsid proteins have ~10% AAI with those in the MCP phams 1 and 2. MCP pham 4 
consists of the major capsid protein of phage Lily, which is the most divergent of all (>10% AAI 









Figure 11: AAI distance matrix of the 10 distinct P. larvae phage major capsid proteins (a) and 
corresponding phylogenetic tree (b). Major capsid proteins are distributed into four phams, with each 
pham in the phylogenetic tree highlighted in a different color. MCP pham 1 (Fern and Harrison 
clusters, Diane, Hayley, Vadim, Vegas) is highlighted in blue, MCP pham 2 (Dragolir, LincolnB, 
Wanderer) in green, MCP pham 3 (Halcyone cluster) in red, and MCP pham 4 (Lily) in orange. 
 
 
Electron micrographs of several P. larvae phages are shown in Figure 12. Additional 
micrographs of P. larvae phages have been published (Beims et al., 2015; Dingman et al., 1984; 
Merrill et al., 2018; Stamereilers et al., 2016). All known P. larvae phages are of the 
Siphoviridae morphotype with long, filamentous, non-contractile tails approximately 150 nm in 
length. Images in the first six panels of electron micrographs (Figure 12A–F) are phages from the 
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Fern cluster (MCP pham 1), while Figure 12G shows phage Wanderer (Vegas cluster, MCP 
pham 2) and Figure 12H shows phage Ash (Halcyone cluster, MCP pham 3). Phage PBL1c 
(Figure 12E) was originally isolated in the 1980s, and the new electron micrograph taken for this 
publication show an identical virion structure to that in the electron micrographs of this phage 
taken in 1983 (Dingman et al., 1984). Of the six phages in MCP pham 1, four (Eltigre, Bloom, 
Toothless, PBL1c) have prolate capsids approximately 100 nm by 50 nm, while phages BN12 
and Pagassa have round capsids approximately 80 nm in diameter. Despite having a different 
capsid shape, phages BN12 and Eltigre have an identical major capsid protein. The same is true 
of phages Pagassa and PBL1c. Phage Wanderer has a prolate capsid similar to that of phages 
Toothless and PBL1c, even though its major capsid protein is in MCP pham 2 and very divergent 
from those of MCP pham 1. From these results it appears that the amino acid sequence of the 
major capsid protein does not correlate with capsid shape, as phages with identical major capsid 
proteins can have different capsid shapes (e.g., Eltigre and BN12), while phages with highly 
divergent major capsid proteins can have similar capsid shapes (e.g., Wanderer and Toothless). 
In addition, no differences in the amino acid sequence of the portal proteins were correlated with 
capsid morphology when examining the Fern cluster. Phage Ash, whose pham is in MCP pham 







Figure 12: Electron micrographs of phages from the Fern cluster: (A) Eltigre; (B) Bloom; (C) 
Toothless; (D) BN12; (E) PBL1c; (F) Pagassa from the Vegas cluster: (G) Wanderer; and from 
the Halcyone cluster: (H) Ash. 
 
 
Comparative Analysis of P. larvae Phage N-acetylmuramoyl-L-alanine Amidase 
A N-acetylmuramoyl-L-alanine amidase was identified in every P. larvae phage genome, 
with 12 distinct N-acetylmuramoyl-L-alanine amidases. The AAI distance matrix and 
corresponding phylogenetic tree of the 12 distinct N-acetylmuramoyl-L-alanine amidases is 
shown in Figure 13. The full AAI distance matrix of all 48 P. larvae phage N-acetylmuramoyl-L-
alanine amidase is included as Supplementary Figure S4. 
The N-acetylmuramoyl-L-alanine amidases are distributed in two phams. The two 
phams are very distinct, with one pham containing the N-acetylmuramoyl-L-alanine 
amidases of the cohesive ends phages (Amidase pham 1) and the other containing the N-
acetylmuramoyl-L-alanine amidases of the DTR phages (Amidase pham 2). The two phams 







Figure 13: AAI distance matrix (a) and phylogenetic tree (b) of the 20 distinct P. larvae phage 
N-acetylmuramoyl-L-alanine amidases. These are distributed into two phams, one that contains 
the amidases of all cohesive ends phages (blue), and one that contains the amidases of the Direct 





with only ~12% AAI between them. On the other hand, the within-pham similarity is quite high: 
The N-acetylmuramoyl-L-alanine amidases of Amidase pham 1 all have greater than 90% AAI 
with each other, and the N-acetylmuramoyl-L-alanine amidases of Amidase pham 2 all have 
greater than 94% AAI with each other. The divergence between the two phams is reflected in the 
length of the two main branches of the phylogenetic tree in Figure 13b, while the relative 
homogeneity of the two phams is reflected by the short length of the branches within each pham. 
The most divergent of the cohesive ends N-acetylmuramoyl-L-alanine amidases are those of 
phages Harrison, LincolnB, and Wanderer, while the most divergent of the DTR N-
acetylmuramoyl-L-alanine amidases is that of phage Tripp. Interestingly, while the structural and 
assembly proteins of phage Lily are very divergent from those of all other P. larvae phages, its 
N-acetylmuramoyl-L-alanine amidase is very similar (>90% AAI) with those of the other 
cohesive ends phages. The N-acetylmuramoyl-L-alanine amidase thus appears to be the most 
conserved gene in the P. larvae phage genome.  
The N-acetylmuramoyl-L-alanine amidases of the cohesive ends phages (Amidase pham 
1) are all in the 223–225 aa length range, thus >90% AAI implies less than 22 amino acids 
different at most. The N-acetylmuramoyl-L-alanine amidases of the DTR phages are all 289 aa 
long and differ from each other by no more than 15 amino acids at most. Phages within the same 
subcluster (e.g., the DevRi, Kiel007, Shelly, Vegas, Harrison, and Halcyone subclusters) have 
identical N-acetylmuramoyl-L-alanine amidases with the other members of their subcluster. The 
sole exception to this is the Fern subcluster, which contains several N-acetylmuramoyl-L-alanine 
amidases that are each slightly different from each other. It thus appears the N-acetylmuramoyl-
L-alanine amidases generally align with cluster and subcluster assignments based on whole-




In this study, we have analyzed and compared the genomes of all 48 currently sequenced 
and annotated P. larvae phage genomes. This number stood at zero as of 2012, reached one by 
2014, 18 by 2016, and 48 as of this year. P. larvae phages were isolated from sources such as 
soil underneath hives, beehive products, bees, and beeswax-containing commercial products. A 
significant number were isolated from P. larvae lysogens. Of the 48 sequenced P. larvae phages, 
46 were isolated in the United States and two in Western Europe.  
A major distinction between P. larvae phages can be drawn using the phages’ DNA 
packaging strategy. Of the 48 P. larvae phages, 39 use the 3′ cohesive ends DNA packaging 
strategy, one uses the 5′ cohesive ends DNA packaging strategy, and eight use the direct terminal 
repeats (DTR) DNA packaging strategy. Sequence similarity between phages that use different 
DNA packaging strategies is very low, thus the broadest way to classify P. larvae phages is 
according to the DNA packaging strategy they use. 
We place P. larvae phage genomes into clusters and subclusters based on four different 
methods (ANI, gene content, dot plots, BLASTN). Clusters and subclusters are named after the 
member with the highest average ANI with other cluster members. All four classification 
methods produce identical results, organizing P. larvae phage genomes into four clusters and one 
singleton. The Fern cluster is the largest cluster, containing 30 of the 48 P. larvae phage 
genomes, while the Harrison cluster contains only two phages and phage Lily is a singleton. It is 
not known if this discrepancy in cluster size is due to sampling bias or is a reflection of P. larvae 
phage biology. Given that the majority of the 48 P. larvae phages were isolated the western 
United States, it does appear that some P. larvae phages are more common than others. On the 
other hand, geography seems to have no role in the distribution of P. larvae phage diversity, as 
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there are multiple of instances of divergent phages isolated from the same narrow geographical 
area, and phages from widely separated geographical areas showing a very high degree of 
sequence similarity.  
The overall picture of P. larvae phage systematics has both changed somewhat but also 
remained similar since the last publication in this area (Stamereilers et al., 2016). The former 
cluster A has been split into the Harrison and Vegas clusters, the former still only containing two 
phages while the size of the latter increased by three phages. The former cluster B, now renamed 
the Fern cluster, still contains the majority of P. larvae phages and contains several subclusters 
and singletons. Previously identified subclusters have grown in size, and a new one (DevRi) has 
been added, while several phages that were formerly singletons still remain so, and several 
singletons have been added to this cluster. Phage Lily remains a singleton, while a new cluster, 
the Halcyone cluster has been added. Phage Lily remains the only P. larvae phage that uses the 
5′ cohesive ends strategy and is very divergent from all other P. larvae phages. 
Pairwise genome map comparisons show that within clusters, the front and rear portions 
of the genome are conserved, while the middle of the genome is often divergent. Pairwise 
genome map comparisons also reveal several instances of possible horizontal gene transfer 
between closely related, but also between unrelated phages. Several phages appear to be missing 
genes present in closely related phages, while some phages appear to be missing large genome 
regions present in closely related phages. There are also several instances of very closely related 
phages differing by less than 40 base pairs, with the minimum difference between two phages 
being only two bases (Fern and Willow). Nevertheless, differences of even one base pair are 
sufficient to result in different amino acid sequences.  
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The size of P. larvae phage genomes ranges from 35 kbp to 56 kbp, with the majority of 
genomes in the 38–45 kbp range. A major distinction in genome length exists between the 
cohesive ends phages and the DTR phages, with the cohesive ends phages having genomes 
exclusively in the 35–45 kbp range, and the DTR phages having genomes exclusively in the 50–
55 kbp range. The DTR phages also have higher GC content. It is not known what role these 
differences play in the P. larvae phage life cycle, as all known P. larvae phages are lytic in vitro 
but appear to be temperate based on close MCP homologs found in bacterial genomes (Table 5). 
The number of genes in the P. larvae phage genome ranges from 58 to 91, with the number of 
genes scaling linearly with genome size. 
Bioinformatics tools identify functions for approximately half of P. larvae phage 
proteins, which is relatively high for bacteriophages. We identified proteins with the following 
functions in all 48 P. larvae phage genomes: (1) large terminase; (2) portal protein; (3) major 
capsid protein; (4 & 5) two tail assembly proteins; (6) tail tape measure protein; (7) N-
acetylmuramoyl-L-alanine amidase; (8) a putative holin; and (9) several tail proteins. We 
classified P. larvae phage protein function as (1) virion assembly; (2) structural; (3) lysis; (4) 
DNA replication/metabolism; (5) regulatory; and (6) host-related. Assembly and structural genes 
are located at the front of the genome and tend to be conserved within clusters, in common with 
many tailed phages (Casjens, 2005). Lysis genes are located immediately downstream of 
structural and assembly genes and also tend to be conserved within clusters. An N-
acetylmuramoyl-L-alanine amidase gene was identified in all P. larvae phage genomes. This 
gene codes for the P. larvae phage endolysin. It is flanked upstream and downstream by two 
putative holin genes whose products contain a transmembrane domain. However, holins are 
poorly conserved and difficult to identify bioinformatically as the homology matches of the 
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putative holins are poor. A putative transglycosylase has also been identified in some P. larvae 
phage genomes and could serve as a complementary endolysin. More work is needed to identify 
the lytic mechanisms of P. larvae phages and the genes involved.  
DNA replication/metabolism genes and regulatory genes are located in the middle and 
rear portions of P. larvae phage genomes. Genes of this type are not conserved even within 
clusters, and their role in the P. larvae life cycle is often poorly known. The majority of P. larvae 
phage genomes contain an integrase and one or more transposases, thus it is likely that the 
majority of P. larvae phages have lysogenic ability. This hypothesis is supported by the fact that 
TBLASTN searches of several phage major capsid proteins show t least a 70% match with 
bacterial genomes (Table 5). Integrases were identified in all but four phages (Halcyone, Heath, 
Scottie, and Unity). Halcyone and Heath were isolated from soil underneath healthy hives, 
making them ideal candidates for treatment of P. larvae infections of honeybee hives. All P. 
larvae phage genomes encode host-related genes, with several having potentially significant 
functions, such as toxins and metallo-hydrolases.  
We performed a comparative analysis of three P. larvae phage proteins: the large 
terminase, the major capsid protein, and the N-acetylmuramoyl-L-alanine amidase, each of which 
was identified in all 48 P. larvae phage genomes. The large terminases are distributed into four 
phams, with one pham containing the majority (34) of the large terminases. Phages with the 
same DNA packaging strategy tend to have very similar large terminases, often differing by no 
more than one or two amino acids, while showing very little similarity with the large terminases 
of phages that employ a different DNA packaging strategy. An exception to this pattern is the 
large terminase of the 3’ cohesive ends phages Dragolir, LincolnB and Wanderer, which is very 
divergent from the large terminase of all other P. larvae phages that use the 3′ cohesive ends 
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DNA packaging strategy. The major capsid protein is distributed in the same phams as the large 
terminase. Capsid shape is not correlated with major capsid protein, as phages with the same 
major capsid protein can have different capsids, and phages with identically-shaped capsids can 
have divergent major capsid proteins. The N-acetylmuramoyl-L-alanine amidases are grouped 
into two phams, one that contains the N-acetylmuramoyl-L-alanine amidases of the P. larvae 
phages that use the cohesive ends DNA packaging strategy and one that contains the N-
acetylmuramoyl-L-alanine amidases of P. larvae phages that use the DTR packaging strategy. 
Within phams, differences between N-acetylmuramoyl-L-alanine amidases tend to be small. It is 
currently not known why there are two distinct types of N-acetylmuramoyl-L-alanine amidase 
and why they correlate with DNA packaging strategy, and what this means for the P. larvae 
phage the life cycle, as both the DTR and cohesive ends phages are roughly equally competent at 
lysing P. larvae. Of the three proteins comparatively analyzed, the N-acetylmuramoyl-L-alanine 
amidase is the one that most closely aligns with phage cluster grouping based on whole genome 
sequence similarity, as phages within the same subcluster tended to have very similar N-
acetylmuramoyl-L-alanine amidases. The N-acetylmuramoyl-L-alanine amidase appears to be the 
most conserved P. larvae phage protein, as it is distributed in only two phams, with even the 
highly divergent phage Lily having a N-acetylmuramoyl-L-alanine amidase that is very similar to 
those of other phages. Point mutations appear to be frequent in P. larvae phage genomes, as 
there are many instances of large terminases, major capsid proteins, and N-acetylmuramoyl-L-
alanine amidases of different phages differing by only one or two amino acids. 
The number of sequenced P. larvae phage genomes has grown rapidly in recent years, as 
they are of great interest in combating AFB. Our comparative genomic study builds on previous 
work and we expect the field of P. larvae phage genomics to grow further in the future. Key 
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areas of further study are: (1) the identification of the function of more P. larvae phage proteins, 
especially in the laboratory as opposed to bioinformatically; (2) precise identification of the 
mechanisms by which P. larvae phages lyse their hosts, including identification of P. larvae 
phage holins and the role of transglycosylase; and (3) the role of phage-encoded beta-lactamases 
and toxins in P. larvae antibiotic resistance and virulence. Other areas of interest are the 
mechanism by which P. larvae phages penetrate their host, the mechanisms by which P. larvae 
phages enter and exit lysogeny, identifying uses of P. larvae phage proteins for biotechnology 
applications, and understanding how P. larvae defend against infection from phages. 
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CHARACTERIZATION OF CRISPR SPACER AND PROTOSPACER SEQUENCES IN 
PAENIBACILLUS LARVAE AND ITS BACTERIOPHAGES 
 
FOREWORD 
This chapter is an analysis of CRISPR spacer sequence in P. larvae and P. larvae phages, 
conceived by Dr. Philippos Tsourkas. My contribution to the research and the manuscript was 
under the direction of Dr. Philippos Tsourkas and is comprised of all data collection, all data 
analysis, Figure 2, Table 1 and co-writing of the paper. Mr. Simon Wong generated the R code 
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The bacterium Paenibacillus larvae is the causative agent of American Foulbrood, the most 
devastating bacterial disease of honeybees. Because P. larvae is antibiotic resistant, phages that 
infect it are currently used as alternative treatments. However, the acquisition by P. larvae of 
CRISPR spacer sequences from the phages could be an obstacle to treatment efforts. We 
searched nine complete genomes of P. larvae strains and identified 714 CRISPR spacer 
sequences, of which 384 are unique. Of the four epidemiologically important P. larvae strains, 
three of these have fewer than 20 spacers, while one strain has over 150 spacers. Of the 384 
unique spacers, 18 are found as protospacers in the genomes of 49 currently sequenced P. larvae 
phages. One P. larvae strain does not have any protospacers found in phages, while another has 
eight. Protospacer distribution in the phages is uneven, with two phages having up to four 
protospacers, while a third of phages have none. Some phages lack protospacers found in closely 
related phages due to point mutations, indicating a possible escape mechanism. This study serves 
a point of reference for future studies on the CRISPR-Cas system in P. larvae as well as for 





American foulbrood (AFB) is the most destructive bacterial disease in honeybees (Apis 
mellifera) (Genersch 2010b). It is caused by the Gram-positive, spore-forming bacterium 
Paenibacillus larvae and afflicts honeybee larvae. AFB outbreaks usually occur when larvae 
ingest food contaminated with P. larvae spores; as few as ten spores are enough to trigger a fatal 
infection (Genersch, 2005; Genersch, 2010b). The P. larvae spores germinate and rapidly 
proliferate in the larval midgut, lysing the infected larva from the inside within 12 h of ingestion 
(Genersch, 2010b; Yue et al., 2008). As worker bees remove the deceased larvae, they 
inadvertently spread millions of spores through the hive (Genersch, 2010b; Lindström et al., 
2008), with the result being complete hive collapse on the order of 7–12 days (Genersch et al., 
2006; Genersch, 2010b). P. larvae is classified into five genotypes based on enterobacterial 
repetitive intergenic consensus (ERIC) primers; the genotypes correlate with phenotypic 
differences (Beims et al., 2020). The ERIC I and ERIC II genotypes are found worldwide and 
cause virtually all AFB outbreaks (Beims et al., 2020; Genersch, 2010b), with ERIC I accounting 
for the majority (Beims et al., 2020). The ERIC III and ERIC IV strains are closely related 
genetically, but have not been isolated in the field for decades, while ERIC V was isolated from 
a field honey sample in 2020 (Beims et al., 2020). Traditionally, AFB has been treated using 
antibiotics (tylosin, lincomycin, and oxytetracycline), but antibiotic resistant strains of P. larvae 
are now widespread (Beims et al., 2020; Genersch, 2010b; Miyagi et al., 2000; Murray and 
Aronstein, 2006; Tian et al., 2010). Additionally, antibiotic residues are found in honey after 
antibiotic treatments (Murray and Aronstein, 2006), and thus several countries have banned the 
use of antibiotics to treat AFB (Genersch et al., 2006). P. larvae spores are extremely durable, 
being resistant to heat and cold, and can remain infectious for decades (Genersch, 2010b; 
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Hasemann, 1961). If an infection is not treatable with antibiotics, total incineration of the hive 
and any beekeeping equipment is required (Genersch, 2010b). 
The problems associated with antibiotic treatment of AFB have led to interest in phage 
therapy as an alternative treatment. Three studies have shown that phages are effective at lysing 
P. larvae in laboratory settings (Beims et al., 2015; Ghorbani-Nezami et al., 2015; Yost et al., 
2016); in one of these studies, a lysis screen that tested the ability of 29 phages to lyse 11 P. 
larvae strains showed that there is considerable variability in lytic ability and host range between 
phages (Yost et al., 2016). Additionally, one field study has successfully used phages to treat 
AFB in the field (Brady et al., 2017). The first P. larvae phage genome was sequenced in 2013 
(Oliveira et al., 2013), and the current number of sequenced phage genomes currently stands at 
49 (Abraham et al., 2016; Beims et al., 2015; Carson et al., 2015; Merrill et al., 2018; Oliveira et 
al., 2013; Ribeiro et al., 2019; Tsourkas et al., 2015; Walker et al., 2018; Yost et al., 2018). 
Sequencing the genomes of P. larvae phage is important so as to identify P. larvae phage 
proteins and their function, uncover the mechanisms by which the phages lyse P. larvae or enter 
lysogeny, and identify potentially dangerous or novel phage proteins. For example, a putative 
toxin found in four phage genomes has been identified as contributing to the pathogenicity of the 
ERIC I strain (Ebeling et al., 2021). Two comparative genomic studies have classified sequenced 
P. larvae phages into clusters, assigned putative functions to phage proteins, and identified 
conserved genes (Stamereilers et al., 2016; Stamereilers et al., 2018). Genome length ranges 
from 35 kbp to 55 kbp, and the 49 phages are grouped into four clusters and two singletons based 
on average nucleotide sequence identity (ANI) (Ribeiro et al., 2019; Stamereilers et al., 2018). 
All sequenced P. larvae phages are temperate (Ribeiro et al., 2019; Stamereilers et al., 2018). 
Roughly half of P. larvae phage proteins have putative function (Stamereilers et al., 2018). All 
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sequenced P. larvae phages encode an N-acetylmuramoyl-L-alanine amidase that they use to 
pierce their host’s peptidoglycan cell wall (Ribeiro et al., 2019; Stamereilers et al., 2018). Three 
studies have focused on the N-acetylmuramoyl-L-alanine amidase (LeBlanc et al., 2015; 
Oliveira et al., 2015; Santos et al., 2019); in one of these studies the amidase was successfully 
used to rescue honeybee larvae infected with P. larvae (LeBlanc et al., 2015). The reader is 
referred to ref. 29 for a review of P. larvae phages (Tsourkas, 2020). 
Despite the increase in information on P. larvae and the phages that infect them, no study 
has yet investigated the existence or distribution of clustered regularly interspaced short 
palindromic repeats (CRISPR) spacer sequences in P. larvae and P. larvae phages. CRISPR is a 
bacterial and archaeal adaptive immune system that neutralizes invading phages and plasmids by 
cutting foreign DNA at specific locations (Heler et al., 2014; Marraffini, 2015; Mojica and 
Rodriguez-Valera, 2016). These specific locations, called protospacers, are acquired from phage 
genomes during an infection and introduced into the bacterial CRISPR locus as CRISPR spacer 
sequence (Amitai and Sorek, 2016). Protospacers are acquired from a region of the phage 
genome that is flanked by a protospacer adjacent motif (PAM), a 2–5 base pair sequence, which 
varies in its sequence across bacteria and archaea (Bolotin et al., 2005; Deveau et al., 2008; 
Horvath et al., 2008; Mojica et al., 2009). The PAM sequence differs from the palindromic 
repeat sequence in the CRISPR locus of the host genome, eliminating the risk of self-targeting or 
self-cleaving of the hosts’s genome (Marraffini and Sontheimer, 2010). In subsequent phage 
infections, the host can use its previously acquired spacers as targets for complementary binding 
to the phage genomes; if such binding occurs, the phage DNA is cleaved, thereby neutralizing 
the infection (Garneau et al., 2010; Hale et al., 2009; Jiang and Doudna, 2015; Marraffini and 
Sontheimer, 2008; Van der Oost et al., 2014; Wiedenheft et al., 2012). The presence of phage 
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spacer sequences in the P. larvae genome could thus compromise the efficacy of phages as 
treatment agents. 
In this study, we identified CRISPR spacer sequences in P. larvae genomes, searched P. 
larvae phage genomes for spacer sequences, and assessed the distribution of CRISPR spacer 
sequences in P. larvae strains and P. larvae phages. This study serves as a point of reference for 
future experimental studies on the relationship between the presence of spacers and phage lytic 
ability, as well as for comparative studies of spacer distribution in other host–phage systems. 
 
Materials and Methods 
The complete genome sequences of nine P. larvae strains and 49 P. larvae phages were 
obtained through a search of NCBI GenBank for complete genome sequences. CRISPR spacer 
sequences were identified using the program CRISPRfinder (https://crispr.i2 bc.paris-
saclay.fr/Server/ accessed on 2/12/2021) (Grissa et al., 2007), with default settings. 
CRISPRfinder outputs spacer information as “confirmed” or “questionable”; only “confirmed” 
spacers were included in the analysis. “Questionable” spacers were also investigated but none 
were found in the phage genomes. Prophages in the P. larvae strains were identified PHASTER, 
with default settings (Arndt et al., 2016; Zhou et al., 2011). 
To search the phage genomes for the spacer sequences, we developed a Python script that 
searched the phage genomes for all spacer sequences identified with CRISPRfinder. A file 
containing the 49 sequenced phage genomes and a file containing the spacers were compiled. 
Each spacer was searched for in each of the phage genomes. A match was made if the spacer 
sequence was found in the phage genome sequence. The approach used here was limited to exact 
string matches. The Python script then removed instance of spacers found in more than one strain 
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to establish the list of unique spacers. PAM sequences were searched for by generating multiple 
alignments of the 10 bases upstream and downstream of the spacer sequences and the PAM 
sequence was identified using WebLogo (Crooks et al., 2004). 
 
Results 
3.1. Distribution of CRISPR Spacer Sequences in P. larvae Strains 
The P. larvae strains used in this analysis, along with their NCBI accession numbers, are 
listed in Table 1. Searching these P. larvae genomes with CRISPRfinder revealed 714 spacer 
sequences across all nine sequenced P. larvae strains (Table 1). The full list of spacers found in 
the nine sequenced P. larvae strains is given in Supplementary Table S1. Some strains have 
duplicate spacers; thus the number of unique spacers in each strain is slightly smaller. The 
distribution of spacers is highly uneven (Table 1), with strains SAG 10367 (ERIC II) and DSM 
106052 (ERIC V) having more than 100 spacers, and strains ATCC 9545 (ERIC I), DSM 7030 
(ERIC I), and DSM 25430 (ERIC II), fewer than 20. In general, the epidemiologically important 
ERIC I and ERIC II strains (with the exception of SAG 10367) have noticeably fewer spacers 
than the ERIC III-V strains. Though the ERIC I strains ATCC 9545 and DSM 7030 have the 
same number of CRISPR arrays and spacers, they do not share spacers. The number of CRISPR 
arrays ranges from one to seven, with most strains having six to seven arrays, ranging in size 
from three to 30 spacers. Some spacers are present in multiple P. larvae strains; their distribution 
is shown in Table 2. Approximately two-thirds of spacers are found in only one P. larvae strain, 
while two spacers are found in eight of nine P. larvae strains. The ERIC III strain LMG 16252, 
and the ERIC IV strains ATCC 13537, CCM 38, and LMG 16247 are all closely related and 
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generally share the same spacers, which accounts for the 83 spacers found in four strains in 
Table 2. 
Table 1. CRISPR array and spacer data for the P. larvae strains with a completely sequenced genome 
used in this study. 
P. larvae Strain No. of CRISPR Arrays No. of Spacers 






ATCC 9545 4 17 17 ERIC I CP019687 
DSM 7030 4 17 17 ERIC I CP019651 
DSM 25430 1 8 5 ERIC II CP003355 
SAG 10367 7 169 159 ERIC II CP020557 
LMG 16252 6 95 93 ERIC III CP019655 
ATCC 13537 7 97 95 ERIC IV CP019794 
CCM 38 7 97 95 ERIC IV CP020327 
LMG 16247 7 98 96 ERIC IV CP019659 
DSM 106052 6 116 111 ERIC V CP019717 
 
Table 2. Frequency of occurrence of spacers in P. larvae strains. 
 1 Strain 2 Strains 3 Strains 4 Strains 5 Strains 6 Strains 8 Strains 
No. of spacers found in 254 30 12 83 2 1 2 
% of spacers found in 66.1% 7.8% 3.1% 21.6% 0.5% 0.25% 0.5% 
 
Table 3. Number of prophages in P. larvae strains and number of spacers located in prophage regions. 
P. larvae Strain 
No. of Prophages No. of Spacers Located in Prophages 
Intact Questionable Incomplete Intact Questionable Incomplete 
ATCC 9545 5 2 10 0 0 0 
DSM 7030 5 1 12 0 0 0 
DSM 25430 2 1 9 0 0 0 
SAG 10367 5 7 12 0 0 1 
LMG 16252 8 3 7 0 1 0 
ATCC 13537 5 3 6 0 0 1 
CCM 38 6 3 11 0 1 1 
LMG 16247 4 5 8 0 2 0 
DSM 106052 5 5 14 0 0 0 
 
The number of intact, incomplete, and questionable prophages in each P. larvae strain, 
and the number of spacers in intact, incomplete, and questionable prophages is shown in Table 3. 
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No spacers were found in intact prophages; only three spacers were found in incomplete 
prophages; and four in questionable prophages. Considering the number of spacers and the 
number of prophages in P. larvae strains, the number of spacers in prophage regions is extremely 
low. 
 
3.2. CRISPR Spacer Sequence Identification in P. larvae Phage Genomes 
When spacers occurring in multiple strains are accounted for, there are 384 unique 
spacers across all nine P. larvae strains. The 384 spacers were searched for in the 49 sequenced 
P. larvae phage genomes using a Python script, resulting in the identification of 57 spacer 
sequences (i.e., protospacers) in the 49 phage genomes. The distribution of the phages by number 
of protospacers is shown in Figure 1. About a third of sequenced P. larvae phages do not contain 
any protospacers, about a third contain one protospacer, and about a third contain more than one 
protospacer; two P. larvae phages contain a maximum of four protospacer sequences. 
After accounting for protospacer sequences found in more than one phage, a total of 18 
unique protospacer sequences were identified in the phage genomes. The distribution of these 
protospacers in P. larvae strains and P. larvae phages is shown in Figure 2. Phage clusters and 
ERIC genotypes are shown in brackets on the right. The phages are grouped by genomic clusters, 
based on whole-genome average nucleotide sequence identity (ANI).  
The current classification of sequenced P. larvae phages consists of four clusters and two 
singletons (Ribeiro et al., 2019; Stamereilers et al., 2018). Clusters are named after a 
representative phage from each cluster. The largest cluster is the Fern cluster (30 members), 
followed by the Halcyone cluster (eight members), the Vegas (seven members), the Harrison 
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cluster (two members), and two singletons, Lily and API480. The distribution of protospacers 
juxtaposed with the 49*49 ANI matrix is included as Supplemental Figure S1.  
 
Figure 1. Distribution of P. larvae phages by number of unique protospacers. 
 
As seen in Figure 2, with the exception of SAG 10367, the ERIC I and ERIC II strains 
have noticeably fewer protospacers compared to the ERIC III–V strains (just as they have fewer 
spacers in general, per Table 1). Strain ATCC 9545 does not contain any protospacers, while 
DSM 7030 and DSM 25430 each contain only one protospacer, in both cases in phages Harrison 
and Paisley. Strain SAG 10367 contains a total of eight unique protospacers from 30 phages that 
collectively span all four phage clusters and the singletons Lily and API 480. SAG 10367 thus 
not only contains the most spacers and protospacers, but its protospacers are also the most 
diverse in terms of the phages they are recruited from. The 18 unique protospacers are generally 




Figure 2. Distribution of the 18 protospacer sequences in P. larvae strains and P. larvae phages. 
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shared between the closely related ERIC III and ERIC IV strains LMG 16252, ATCC 13537, 
CCM 38, and LMG 16247 (ATCC 13537 is missing protospacer 15). Strain DSM 106052 (ERIC 
V, isolated in 2020) contains four unique protospacers not found in other strains, and identified 
in three different phage clusters. 
All phage clusters/singletons have a phage containing at least one of the 18 protospacers, 
however the phages of the Vegas subcluster (phages Diane, Vadim, Vegas, Hayley) and the 
Halcyone subcluster (phages Halcyone, Heath, Scottie, Unity) are lacking any protospacers. 
Phages LincolnB and Wanderer have the most protospacers (four), followed by Harrison, 
Paisley, Lucielle, Lily, and Tripp, each with three protospacers. Of the phages that contain 
multiple protospacers, these are roughly evenly split between seven phages whose protospacers 
are found in multiple strains (phages LincolnB, Wanderer, Tripp, Lily, Harrison, Paisley, 
Kawika), and eight phages (phages Lucielle, Saudage, Genki, Gryphonian, PBL1c, Ash, Ley, C7 
Cdelta), whose protospacers are exclusively found in strain SAG 10367. 
All but one of the 18 unique protospacer sequences are unique to one of the six phage 
clusters/singletons, the sole exception being the SAG 10367 protospacer 7, which is found in the 
Fern cluster and the singleton Lily. Protospacer 3, also from SAG 10367, is the most widely 
distributed, found in 19 phages. Six protospacers (2, 8, 10, 11, 13, and 15) are unique to one 
phage. Protospacers 1, 14, and 18 are unique to the very closely related phages Harrison and 
Paisley (98% ANI); protospacers 5, 6, and 9 are unique to the very closely related phages 
LincolnB and Wanderer (99% ANI); and protospacers 4 and 12 are unique to the closely related 
phages Ash, Ley, and C7 Cdelta (all with >96% ANI to each other). Thus, 14 of the 18 
protospacers are unique to either one phage or small groups of very closely related phages.  
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Protospacer 3 is of particular interest due to its high frequency in the Fern cluster and its 
location in the large terminase gene, which is highly conserved among cluster members 
(Stamereilers et al., 2018). In spite of this, 11 of the 30 phages in the Fern cluster lack this 
protospacer. This is the case with even very closely related phages: Phages Kiel007 and Redbud 
both contain protospacer 3, but Rani does not, despite having >99% ANI with Kiel007 and 
Redbud (Supplemental Figure S1). Similarly, phage Xenia contains protospacer 3 while phage 
Shelly does not, despite 99.5% ANI (Supplemental Figure S1). This is also the case with 
protospacer 16, which is found in the conserved tail tape measure protein and is found in phages 
Genki and Gryphonian, but not among the remaining four phages in the subcluster, all of whom 
have ~99% ANI with Genki and Gryphonian (Supplemental Figure S1).  
This evidence suggests the existence of one or more point mutations in the protospacer 
sequence. We searched the genomes of Fern cluster phages that lacked protospacers 3, 7, 15, and 
16 for mutations at that location by aligning the protospacer sequences with the phage genomes. 
Of the 11 Fern cluster phages not containing the exact sequence of protospacer 3, ten of them 
were found to have a single point mutation in the protospacer region, while the same region in 
phage BN12 differed by five nucleotides. All of the 26 Fern cluster phages that are missing 
protospacer 16 were found to have one or two point mutations in the protospacer region. This 
was not the case for protospacers 7 and 15; Fern cluster phages that are missing these 
protospacers have more than 10 nucleotides sequence differences in the protospacer region. 
The full list of the 18 unique protospacers, their length, the P. larvae strains, phages, and 
phage genes they are found in, is shown in Table 4. Protospacer length ranges from 33 bp to 38 
bp. Sixteen protospacers are located in coding regions; two are located in intergenic regions (P. 
larvae phage genomes are 90–95% coding, (Stamereilers et al., 2018)). Of the 16 protospacers 
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located in coding regions, eight are located in a gene with putative function, and eight in a 
hypothetical gene (about half of P. larvae genes have putative function, (Stamereilers et al., 
2018)). Protospacer 3 is located in the large terminase gene (near the genome start), and 
protospacer 16 in the tail tape measure gene; both genes are conserved in P. larvae phages 
(Stamereilers et al., 2018). Both of these protospacers are found in the SAG 10367 strain (ERIC 
II). Nevertheless, no pattern is discernible regarding which part of the phage genome the 
protospacers are recruited from; protospacers are recruited in the front, middle, and rear of the 
phage genome, and in genes of widely differing functions, as well as hypothetical proteins and 
intergenic regions. For example, protospacer 11 is located between bases 72–105 in a 
hypothetical gene in phage API 480, while protospacer 10 is located in a hypothetical gene at the 
tail end (bases 51,647–51,683) of the genome of phage Tripp.  
We identified a -GA(A)- sequence in the 10 downstream bases in 17 out of 18 
protospacers that is a likely PAM sequence. No PAM sequence was identified in the 10 upstream 
bases. Logos of the putative PAM sequences are shown in Figure 3. The 10 bases upstream and 
downstream of the protospacers are included as Supplemental Table S2. 
 
 
Figure 3. Sequence logo of the 10 bases upstream and the 10 bases downstream of the protospacers. 
The -GA(A)- sequence in the 10 bases downstream is likely the PAM sequence and is downstream of 




This study establishes the existence of CRISPR spacer and protospacer sequences in the 
genomes of sequenced strains of P. larvae and P. larvae phages. Searching the genomes of nine 
P. larvae strains, we identified 384 unique spacer sequences. The number of spacers per strain 
ranges from 7 to 169, which is similar to what has been observed in systems such as Clostridium 
difficile (43–153 spacers per strain) (Hargreaves et al., 2014), and Microcystis aeruginosa (47–
174 spacers per strain) (Kuno et al., 2012). Of importance is that the epidemiologically important 
ERIC I strains ATCC 9545 and DSM 7030, and the ERIC II strain DSM 25340 contain relatively 
few spacers (fewer than 20); presumably, AFB outbreaks caused by these or related strains 
would be the most treatable with phages. In general, the ERIC I and ERIC II strains contain an 
order of magnitude fewer spacers than the ERIC III–V strains, the sole exception to this being 
the ERIC II strain SAG 10367, which contains the highest number of spacers (169). It is known 
that CRISPR-Cas and horizontal gene transfer (HGT) oppose one another; an increase in the 
frequency of one results in a decrease in the frequency of the other. While the ERIC I strains are 
responsible for the majority of AFB outbreaks globally, the ERIC III–V strains are vanishingly 
rare in the field and exist mostly in archived cultures; they would thus presumably not 
experience as much HGT as the ERIC/II strains. Thus, one possible explanation for the low 
frequency of spacers in the ERIC I strains is that these strains downregulate CRISPR-Cas so as 
to facilitate acquisition of beneficial genes through HGT, whereas the ERIC III and ERIC IV 
strains would have less need for HGT. On the other hand, the high number of spacers in the SAG 
10367 strain implies that this strain frequently comes under attack by phages, resulting in a large 
CRISPR array. 
Approximately two-thirds (66%) of spacers are unique to a P. larvae strain, suggesting 
distinct acquisition events. The main exception to this are the four genomically similar ERIC III 
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and IV strains, which largely share the same spacers due to common descent. By comparison, the 
percentage of spacers that are unique to a strain ranges from as low as 9% in Escherichia coli 
(Savitskaya et al., 2013), to 75% for Vibrio cholerae (Bourgeois et al., 2020), and 98% for the 
genus Thermus (Lopatina et al., 2019). This suggests that the genomic diversity of P. larvae still 
remains to be fully sampled, although not to the extent of non-culturable genera such as 
Thermus. 
Of the 384 unique spacers, only 18 (~5%) were found in the 49 sequenced P. larvae 
phage genomes as protospacers. This low coverage implies the existence of a large number of 
novel undiscovered P. larvae phages, and that the bulk of the genetic landscape of P. larvae 
phages remains to be discovered. By comparison, spacer coverage in C. difficile ranges from 
17% to 38%, with 162 unique protospacer sequences in 31 phages and prophage genomes 
(Hargreaves et al., 2014), while a study of the Vibrio cholerae system found 34% protospacer 
coverage (Bourgeois et al., 2020). On the other hand, the protospacer coverage of P. larvae 
phages is similar to what has been reported for phages that infect less intensively studied hosts, 
such as Microcystis aeruginosa (~4% coverage) and the genus Thermus (6% coverage) (Kuno et 
al., 2012; Lopatina et al., 2019). It has similarly been proposed that the bulk of the genetic 
landscape of Thermus phages is undiscovered for the same reason (Lopatina et al., 2019). 
The distribution of the 18 protospacer sequences is uneven among P. larvae strains. 
Strain SAG 10367 (ERIC II) contains eight unique protospacers from every phage cluster or 
singleton, while strain ATCC 9545 (ERIC I) does not contain any protospacers and strains DSM 
7030 (ERIC I) and DSM 25430 (ERIC II) contain only one protospacer. The low number of 
protospacers in three of the four ERIC I/II strains is encouraging for the use of P. larvae phages 
to treat AFB. On the other hand, we should expect that AFB outbreaks caused by strain SAG 
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10367, or strains related to it, to be the most difficult to treat with phages. As with the spacers, 
most protospacers are unique to a P. larvae strain, the sole exception being the protospacers 
shared between the ERIC III and ERIC IV strains due to genetic relatedness. The fact that the 
majority of protospacers are unique to a particular strain could explain why phages whose 
spacers are found in P. larvae are still able to lyse; presumably, the strain of P. larvae they are 
able to lyse is a different strain from the one containing their protospacer. 
The protospacers are generally unique to individual phages as well, or else small groups 
of very closely related phages; only four out of 18 protospacers do not fit this pattern, and only 
one protospacer is found in two different phage clusters. Approximately a third of the 49 
sequenced P. larvae phages do not contain any protospacers sequences at all; this is particularly 
encouraging for the use of phages to treat AFB, and such phages should be preferred in phage 
cocktails used to treat infected beehives. No phages contain more than four protospacers, which 
is a pretty low number. No pattern is discernible regarding where the protospacers are recruited 
from in the phage genomes; protospacers are found to originate from conserved genes, non-
conserved genes, hypothetical proteins, as well as intergenic regions. In contrast, all C. difficile 
phages were found to contain anywhere from one to 16 protospacers, every C. difficile strain had 
least one spacer from a phage, and the spacers were noticeably recruited from conserved genes 
(Hargreaves et al., 2014). 
All sequenced P. larvae phages are strongly lytic in vitro (Ribeiro et al., 2019; 
Stamereilers et al., 2018), including those phages that contain protospacer sequences identified 
in this study. For example, phages Fern and Willow are among the most strongly lytic phages 
(Yost et al., 2016), but at least one P. larvae strain (SAG 10367 of the ERIC II genotype) 
contains a protospacer sequence from their large terminase protein. Similarly, three protospacer 
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sequences were found in the genome of phage Harrison, but this phage is also one of the most 
strongly lytic P. larvae phages (Yost et al., 2016). Though the present data is sparse, there does 
not appear to be a negative correlation between presence of protospacers in the phage genome 
and lytic ability. This also raises the question of whether P. larvae phages evade their host’s 
CRISPR defenses by means of anti-CRISPR genes, particularly considering that currently half of 
P. larvae phage proteins do not have putative function (Stamereilers et al., 2018). A preliminary 
search for anti-CRISPR genes using AcrFinder did not yield results (Yi et al., 2020), but more 
work remains to be done in this area. 
An additional mechanism by which P. larvae phages may evade CRISPR defense 
systems is by point mutations in the protospacer or PAM sequence (Westra et al., 2013). While 
17 of the 18 protospacers appear to contain the putative -GA(A)- PAM sequence, two 
protospacers, one located in the conserved large terminase gene (protospacer 3), and one located 
in the conserved tail tape measure gene (protospacer 16), were found to have possible point 
mutations at one or two locations in their protospacer sequence. This could be direct evidence of 
the evolutionary arms race between P. larvae and their phages. However, for phages to be able to 
escape CRISPR through mutation, the mutation has to be in the seven-base “seed” sequence of 
the protospacer (Semenova et al., 2011); it is not yet known if the putative point mutations we 
identified in the phage protospacers are indeed in the seed region. 
The existence of CRISPR protospacers in a phage genome is an important consideration 
when selecting phages for therapy, whether to treat AFB in honeybees or infections in other 
organisms. A recent study by Philipson et al. describes a thorough workflow for selecting phages 
for therapeutic applications (Philipson et al., 2018). To this workflow we would add the 
following: Use CRISPRFinder to identify spacer sequences in the host, then search the candidate 
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therapeutic phage for the spacer sequences; preference for therapeutic applications should be 
given to those phages without protospacers in the host genome, or if that is not possible, phages 
with protospacers from the same host. For example, under this scheme phage Halcyone (no 
protospacers) would be a better choice for treating AFB than phage Saudage (three protospacers 
from the same strain), which would in turn be a better choice than phages Harrison and Paisley 
(three protospacers, each from a different strain of P. larvae). 
As interest in P. larvae phages continues to grow, the number of sequenced P. larvae 
strains and phages will grow as well. It will be interesting to obtain a more complete picture of 
the genomic and CRISPR landscape of these phages, especially with regards to the existence of 
anti-CRISPR genes in their genomes or other means they use to evade host defenses. Additional 
future directions include testing experimentally the ability of P. larvae phages to lyse P. larvae 
strains that contain protospacers from the phages, and more detailed and comprehensive 




We present the first analysis of CRISPR spacer sequences identified in nine sequenced P. 
larvae strains and 49 sequenced phages. Three of the four commercially important P. larvae 
strains contain few spacers and protospacers, which is a positive finding for phage therapy of 
AFB. Moreover, approximately a third of phages do not contain any protospacers, an additional 
third contains only one protospacer, and the most protospacers in a phage genome is four. 
Protospacers are thus relatively scarce in the P. larvae system, with only 5% of spacers doubling 
as protospacers. This is an encouraging finding for phage therapy, and also implies that much of 
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the genomic landscape of P. larvae phages remains undiscovered. Some phages appear to have 
point mutations in their protospacer sequences, possibly so as to evade the hosts’ CRISPR 
defenses. The results of this study serve as a marker for future studies on the CRISPR-Cas 
system in P. larvae as well as in other host–phage systems. 
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PYTHON SOURCE CODE 
 
FOREWORD 
The following Python source code was used to find CRISPR spacer sequences used in 
chapter 5. The python code reads two text files. The first text file (A) is a compilation of the 
nucleotide sequences of all sequenced P. larvae phage genomes, separated by phage name. The 
second text file (B) is a compilation of all CRISPR spacer sequences identified in each P. larvae 
strain. The Python code searches each phage nucleotide sequence in A to see if any of the spacer 
sequences contained in each block of B are present and outputs the name of the phage, the spacer 






Python source code 
if __name__ == '__main__': 
    k = [0] 
    f = [0] 
    string = [] 
    i = 0 
    lines = [] 
    words = [] 
    string2 = [] 
    titlecheck = 0 
    output = [] 
    namecheck = ">" 
    plarvae = [] 
    with open("FormattedPhageSequenceFile.txt") as f: 
        data = f.readlines() 
    for line in data: 
        i = i + 1 
        words = line.split() 
        string = words[0] 
        if namecheck in string: 
            phagename = string       
        if i%2 == 0: 
            with open ("FormattedSpacerFile.txt") as k: 
                lore = k.readlines() 
            for line in lore: 
                titlecheck = 0 
                lines = line.split() 
                string2 = lines[0] 
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                if namecheck in string2: 
                    plarvae = string2 
                    titlecheck = 1 
                if titlecheck == 0: 
                    if string2 in string: 
                        print (string2, " in ", plarvae, " is contained in: ", phagename)                   
            k.close() 
        words = [] 






LARGE / SUPPLEMENTARY TABLES AND FIGURES FOR CHAPTER 3 
 
Table 4 from Chapter 3 is included here.  The supplementary tables and figures for Chapter 3 can 
be accessed with the following link due to their size: 




Table 4:  P. larvae phage genes with statistically significant BLAST and/or CDD matches (E-value < 1E-
3) to proteins with known function. The gene product number is shown in the first row of each cell, and 
the pham number is shown in the second row, italicized in parentheses.  Rows are colored according to 
protein function. We classify phage proteins into six functional categories: 1) virion particle (blue), 2) 
virion assembly (burgundy), 3) host lysis (purple), 4) DNA replication/metabolism (tan), 5) gene 
regulation, including putative transcription factors (green), and 6) host-related functions (yellow). Gene 
products whose function cannot be classified into these six categories due to lack of sufficient information 
or conflicting information are left uncolored. Instances where there are two or more unrelated functions 
with statistically significant matches are marked with a footnote, with the more statistically significant (or 
with higher bit score) function listed in the table, and the less statistically significant (or with lower 
bitscore) function listed in the footnotes at the end of the table. 
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aAlso has equally strong BLAST and CDD matches to DNA packaging protein 
bAlso has equally strong BLAST and CDD matches to head-tail joining protein 
cCDD matches only (Evalue=1E-123)  
dAlso has strong BLAST and CDD matches to bhlA protein 
eAlso has equally strong BLAST matches to DNA methyltransferase 
fAlso has strong BLAST matches to holin 
gAlso has equally strong BLAST matches to peptidase domain 
hAlso has equally strong BLAST and CDD matches to integrase 
iAlso has strong BLAST matches to toxin-like protein,  DNA Smf single strand binding protein, 
transcriptional regulatory protein YclJ, phosphatase, transposase  
jAlso has equally strong BLAST matches to integrase, ATPase, resolvase, invertase 
kAlso has strong BLAST and CDD matches to peptidase 
lAlso has strong BLAST and CDD matches to excisionase 
mAlso has strong BLAST matches to Xre-like protein 
nAlso has strong BLAST matches to repressor 
oAlso has equally strong BLAST and CDD matches to Rha family transcriptional regulator 
pAlso has equally strong BLAST and CDD matches to chromosomal replication initiator protein DnaA 
qAlso has equally strong BLAST matches to DNA recombination protein RecF  
rAlso has strong BLAST matches to oxidoreductase, putative DNA helicase, putative RecA NTPase, 
ATP-dependent Lon protease  
sAlso has equally strong BLAST matches to RecA familyATPase 






LARGE / SUPPLEMENTARY TABLES AND FIGURES FOR CHAPTER 4 
 
Table 2 and Table 3 for Chapter 4 are included in this appendix.  All supplementary 
tables and figures for Chapter 4 can be accessed with the following link due to their size: 




Table 2: Genomic characteristics of P. larvae phage genomes. Phages are grouped by cluster, 
with the largest (Fern) cluster first, as in Figure S1. Bold indicates the maximum or minimum 
value of a genomic characteristic. For phages that use the DTR DNA packaging strategy, the 



















Pagassa 40,035 3′ cos 42.0 66 1.65 91.2 Fern 
Honeybear 40,054 3′ cos 41.9 66 1.65 91.2 Fern 
Toothless 38,832 3′ cos 42.0 64 1.65 91.0 Fern 
Tadhana 37,880 3′ cos 42.1 61 1.61 91.2 Fern 
Fern 37,995 3′ cos 41.9 65 1 1.71 91.5 Fern 
Willow 37,994 3′ cos 41.9 65 1 1.71 91.5 Fern 
Lucielle 37,947 3′ cos 41.8 65 1.71 91.3 Fern 
Saudage 37,962 3′ cos 41.9 65 1.71 91.6 Fern 
BN12 39,485 3′ cos 42.6 69 1.75 92.4 Fern 
Kawika 40,769 3′ cos 41.6 71 1.74 89.8 Fern 
Kiel007 37,985 3′ cos 41.8 62 1.63 91.7 Fern 
Redbud 37,971 3′ cos 41.8 62 2 1.63 91.4 Fern 
Rani 37,990 3′ cos 41.8 62 2 1.63 91.8 Fern 
Eltigre 38,675 3′ cos 41.4 67 1.73 92.1 Fern 
HB10c2 35,644 3′ cos 41.8 58 2 1.63 91.2 Fern 
Arcticfreeze 38,518 3′ cos 41.5 66 1.71 90.6 Fern 
DevRi 38,520 3′ cos 41.5 66 1.71 90.6 Fern 
Bloom 38,519 3′ cos 41.5 66 1.71 90.6 Fern 
Jacopo 38,526 3′ cos 41.6 66 1.71 90.6 Fern 
Genki 38,540 3′ cos 40.5 66 1.71 90.6 Fern 
Gryphonian 38,541 3′ cos 40.5 66 1.71 90.6 Fern 
Likha 39,778 3′ cos 41.3 64 1.61 92.2 Fern 
phiIBB_Pl23 41,294 3′ cos 48.1 65 2 1.57 89.5 Fern 
Yerffej 43,126 3′ cos 40.6 69 1.60 90.4 Fern 
Sitara 43,724 3′ cos 41.6 75 2 1.72 89.6 Fern 
Diva 37,246 3′ cos 42.1 64 2 1.72 89.6 Fern 
Shelly 41,152 3′ cos 41.5 71 2 1.73 89.7 Fern 
Xenia 41,149 3′ cos 41.5 71 1 1.73 89.9 Fern 
Leyra 42,276 3′ cos 41.4 69 1.63 90.9 Fern 
PBL1c 40,611 3′ cos 41.2 74 1.82 90.5 Fern 
Harrison 44,247 3′ cos 40.2 78 1 1.76 91.6 Harrison 
Paisley 44,172 3′ cos 40.0 78 1 1.77 91.4 Harrison 
Diane 45,653 3′ cos 43.7 84 1 1.84 94.5 Vegas 
Vadim 45,653 3′ cos 43.7 84 1 1.84 94.5 Vegas 
Vegas 45,653 3′ cos 43.7 84 1 1.84 94.5 Vegas 
Hayley 44,256 3′ cos 43.5 82 1 1.85 94.2 Vegas 
Dragolir 41,131 3′ cos 44.0 65 1.58 92.3 Vegas 
LincolnB 40,437 3′ cos 42.3 72 1.78 93.2 Vegas 
Wanderer 40,448 3′ cos 42.4 72 1.78 93.2 Vegas 
Lily 44,952 5′ cos 42.7 75 1.67 90.0 Lily 
Ash 56,468 DTR (377) 48.0 88 1.56 90.9 Halcyone 
Ley 56,465 DTR (377) 48.0 88 1.56 90.9 Halcyone 
C7Cdelta 55,774 DTR (377) 48.0 87 1.56 90.9 Halcyone 
Halcyone 55,560 DTR (378) 48.6 90 1.62 91.8 Halcyone 
Heath 55,560 DTR (378) 48.6 90 1.62 91.8 Halcyone 
Scottie 55,990 DTR (377) 48.6 91 1.63 91.2 Halcyone 
Unity 50,316 DTR (378) 49.1 78 1.55 92.5 Halcyone 
Tripp 54,439 DTR (378) 48.3 902 1.65 89.6 Halcyone 
1 Number of genes differs from (Tsourkas et al., 2015; Stamereilers et al., 2016) because phages 
were re-annotated using new criteria for gene calling. 2 Number of genes differs from (Oliveira et 
al., 2013; Beims et al., 2015; Carson et al., 2015; Abraham et al., 2016) because phages were re-
annotated by our group for consistency 
138 
 
Table 3: Gene products of representative P. larvae phage genomes with statistically significant 
homology matches to proteins with known or putative function. Genes are highlighted 
according to function, with assembly genes in burgundy, structural genes in teal, lysis genes in 
purple, DNA replication/metabolism genes in tan, regulatory genes in green, host function genes 
in yellow, and tRNAs in grey. Gene products whose function cannot be classified into these 
seven categories due to insufficient or conflicting information are left uncolored. 
 Fern Harrison Vegas Dragolir Lily Halcyone 
small terminase gp1 gp1 gp1 gp1 gp1 gp5 
large terminase gp2 gp2 gp2 gp2 gp2 gp6 
portal protein gp3 gp3 gp3 gp3 gp4 gp7 
Clp protease ClpP gp4 gp4 gp4  gp5  
capsid maturation protease    gp4   
minor capsid protein      gp8 
Clp protease ClpB      gp9 
major capsid protein gp5 gp5 gp5 gp5 gp7 gp10 
head-tail connector complex gp7 gp7 gp7 gp6   
head-tail connector complex gp8 gp8 gp8 gp8   
tail protein gp10    gp10  
tail sheath protein     gp13  
tail tube protein     gp14  
major tail protein gp11 gp11 gp11 gp11   
tail assembly protein gp12 gp12 gp12 gp12 gp15 gp16 
tail assembly protein gp13 gp13 gp13 gp13 gp16 gp17 
tail tape measure protein gp14 gp14 gp14 gp14 gp17 gp18 
tail protein gp15 gp15 gp15 gp15 gp18 gp19 
late control protein     gp19  
baseplate assembly protein     gp20  
head-tail connector protein     gp21  
baseplate wedge     gp22  
baseplate protein     gp23  
tail protein gp16 gp16 gp16 gp16 gp24 gp20 
tail protein gp17 gp17 gp17 gp17 gp25  
putative holin bhlA gp20 1 gp20 1 gp201 gp20 1 gp28 1 gp22 
N-acetylmuramoyl-L-alanine amidase gp21 gp21 gp21 gp21 gp29 gp23 
putative holin gp22 2 gp23 2 gp23 2 gp22 2 gp30 2  
ABC-like transporter protein  gp24     
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transposase   gp30    
putative toxin-like protein gp24      
transcriptional regulator MarR gp28      
toxin  gp27  gp24   
XRE family transcriptional regulator    gp25   
transcriptional regulator  gp31     
ankyrin-repeat containing protein   gp31 3    
Arc-like DNA binding protein   gp32    
putative holin-like toxin   gp33    
Cro/C1 family transcriptional regulator    gp33  gp26 
site-specific recombinase      gp27 
stress protein   gp35    
integrase gp29  gp37 gp37   
metallo-endopeptidase ImmA/Irre   gp38 gp38   
membrane protein  gp33     
membrane protein  gp34     
membrane protein  gp35     
dipeptidyl aminopeptidase/ 
acylaminoacyl-peptidase  gp37     
recombinase/Integrase  gp40     
XRE family transcriptional regulator gp30 gp41 gp39 gp39 gp38 gp32 
XRE family transcriptional regulator  gp42 gp40 gp40 gp42 gp33 
Cro/C1 family transcriptional regulator gp31    gp43  
antirepressor AntA    gp41   
excisionase gp32   gp42   
restriction endonuclease   gp42    
Rha family regulatory protein      gp35 
antirepressor Rha gp34  gp44  gp49  
antirepressor gp38 gp49    gp38 
XRE family transcriptional regulator      gp41 
excisionase   gp45    
DNA repair protein RecN gp42    gp52  
DNA recombinational protein RecT gp44    gp54  
metallo-hydrolase gp45    gp55  
primosome component protein gp47    gp57  
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DNA replication protein      gp47 
replicative DNA helicase gp48    gp58 gp48 
DNA primase      gp49 
DNA methylase   gp60    
single-stranded DNA binding protein, 
ERF superfamily  gp57     
single-stranded DNA binding protein  gp58    gp52 
putative phosphomannomutase      gp54 
transcriptional regulator AbrB   gp63 gp47   
replication terminator protein   gp64 gp48   
primosome, DnaD subunit  gp61     
DNA replication protein  gp62 4     
chromosome segregation protein SMC   gp66 5 gp50   
AAA domain ATPase   gp67 6 gp51   
DEAD/DEAH box helicase   gp69 gp54   
ABC-type transport system   gp70    
DNA primase   gp71 7 gp56   
DNA polymerase I with exonuclease 
domain      gp59
 
DNA polymerase family A      gp61 
DEDDh 3′-5′ exonuclease      gp63 
endodeoxyribonuclease  gp65 gp73 gp58  gp65 
DNA-N-6-adenine methyltransferase     gp61  
DNA–cytosine methyltransferase  gp67   gp62  
DNA-cytosine methyltransferase     gp63  
resolvase RuvC gp59    gp68  
ribonucleoside-diphosphate reductase 
subunit alpha      gp67 
ribonucleoside-diphosphate reductase 
subunit beta      gp68 
deoxyuridine 5′ triphosphate 
nucleotidohydrolase      gp69 
antitoxin MazE      gp76 
deoxynucleoside monophosphate kinase      gp80 
RNA polymerase sigma factor   gp75 gp60  gp82 
transcriptional regulator ArpU gp61 gp73   gp70  
transcriptional activator RinA   gp77 gp61   
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tRNA-Pro(tgg)    gp62   
serine recombinase     gp72  
membrane protein  gp74     
toxin HicA   gp79    
antitoxin HicB gp62 gp75 gp80  gp74  
toxin HicA gp63 gp76   gp75  
Putative transglycosylase gp64 gp77 gp81    
HNH endonuclease/restriction 
endonuclease McrA    gp65   
HNH endonuclease gp65 gp78 gp84 gp66   
1 Also has strong BLAST and CDD matches to bacteriocin; 2 Also has strong BLAST matches to 
transposase;.3 Also has strong BLAST matches to toxin-like protein, FAA hydrolase, RNA 
polymerase sigma factor, DNA processing protein DprA, inositol phosphorylceramide, DNA 
Smf single strand binding protein, transcriptional regulatory protein YclJ, toxin, and 
transposase; 4 Also has equally strong BLAST and CDD matches to chromosomal replication 
initiator protein DnaA; 5 Also has equally strong BLAST matches to DNA recombination 
protein RecF; 6 Also has strong BLAST matches to oxidoreductase, putative DNA helicase, 
putative RecA NTPase, ATP-dependent Lon protease; 7 Also has equally strong BLAST 
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